4Q3411 


t 


C3^3- 


OFFICE  OF  NAVAL  RESEARCH 
Contract  Nuoiber  760(1 5 )NR01 2-202 


Technical  Report  No.  1 1 . 


Spherical  Nuclei  with  Simple  Residual  FOroes 


Department  of  Physics 
Carnegie  Institute  of  Technology 
Pittsburgh  13,  Pennsylvania 

April  16,  1963 


l:. 


1^:3 1 

TISIA 


The  United  States  Government  is  Permitted  the  right  to 
reproduce  in  whole  or  in  part,  for  any  purpose  the  material  herein 
contained. 


SPHERICAL  NUCLEI  WITH  SIMPLE  RESIDUAL  FORCES  4 


by 


Leonard  S.  Kisslinger 

Western  Reserve  University,  Cleveland,  Ohio 


and 


Raymond  A.  Sorensen 

Carnegie  Institute  of  Technology,  Pittsburgh,  Pennsylvania 


4  This  work  is  supported  in  part  by  the  National  Science  Foundation, 
the  U.  S.  Array  Research  Office  (Durham),  and  the  Office  of  Naval 
Research. 


INDEX 


I,  INTRODUCTION  / 

II,  DESCRIPTION  OF  HAMILTONION  AND  WAVEFUNCTIONS 

A.  The  Hamiltonian 

B.  The  Pairing  Solution 

C.  The  Long  Range  Force 

1.  Even-even  Nuclei,  Q.R.P.A,  Approximation 

2.  Even-even  Nuclei,  The  Adiabatic  Limit 

3.  Odd-Maes  Nuclei 

III.  ENERGY  LEVEL  SYSTEMATICS 

A.  The  Parameters  and  Description  of  Method  of  Calculation 

1.  The  interaction  strength  parameters 

2.  The  single-particle  parameters 

B.  Energy  Levels  of  Even-Even  Nuclei 

C.  Energy  Levels  of  Odd -Mass  Nuclei 


1. 

The  region 

50i  Z  ■182; 

824  N  1126 

2. 

The  region 

50iZi6  82; 

501  N  *82 

3. 

The  region 

28  2ZS50; 

50*  NS 82 

4. 

The  region 

28i  Z  S50; 

28  S’ N<  50 

Energy  Levels  of  Odd-Odd  Nuclei 

IV.  ODD-EVEN  MASS  DIFFERENCE 

V.  MAGNETIC  DIPOLE  MOMENTS 

A.  Magnetic  Dipole  Moments  of  Odd -Mass  Nuclei 

1.  Quasi -particle  and  collective  contributions 

2.  Higher  Senoriety  contributions 

3.  Results  and  discussion 

B.  Magnetic  Dipole  Moment  of  One -Phonon  States 

VI.  ELECTRIC  QUADRUPOLE  MOIENTS 

A.  Odd-Mass  Nuclei 

1.  Quasi -particle  and  collective  contributions 

2.  Contributions  from  configurations  admixed  by  a  S-function , force 

B.  Electric  Quadrupole  Moment  of  One-Phonon:$tate 

VII.  ELECTROMAGNETIC  TRANSITIONS 

A.  Odd-Mass  Isotopes 

B.  Even-Even  Isotopes 

1.  The  one  phonon  to  ground  state  transition 

2.  The  crossover  2+  two-phonon  to  ground  state  transition. 

3.  The  MI  admixture  in  the  two -phonon  2+  to  one -phonon  transition. 

4.  Transitions  in  two  qua si -particle  states 

VIII.  BETA -DECAY 

A.  Beta  Decay  Matrix  Elements  —  Odd-Mass 

B.  Beta  Decay  Matrix  Elements  —  Even-Mass 


i 


CONCLUSIONS 

Appendix  I 

Appendix  II 

Appendix  III 

List  of  References 

List  of  Figure  Captions 

Tables 

Figures 


1 


I.  INTRODUCTION 

The  large  accumulation  of  data  on  the  low  energy  spectra  of 

Diar^y  nuclei  has  made  it  possible  to  study  systematically  and  in  detail 

^the  variation  from  nucleus  to  nucleus  of  various  nuclear  properties 

such  as  level  energies,  moments,  transition  rates  and  reaction  rates. 

In  many  cases  it  has  been  possible  to  identify  in  the  low-energy  spec- 

tnmi  states  which  seem  to  correspond  to  the  motion  of  a  single  particle 

or  quasi-particle  in  an  effective  field  and  states  corresponding  to 

collective  vibrations  or  rotation  of  the  nucleus.  Moreover,  there  is 

now  accumulating  more  information  determining  in  which  regions  nuclei 

arc  spherical  or  deformed  and  which  cases  seem  to  corret pond  to  the 

.transformation  between  a  spherical  and  a  deformed  equilibrium  shape. 

It  has  thus  been  useful  to  utilize  a  nuclear  model  from  which 

the  nuclear  properties  may  be  confuted  in  detail  for  many  nuclei  over  a 

large  region  of  the  periodic  table.  Such  a  model  was  that  first  studied 

in  some  detail  by  Belyaev^  in  which  particles  interact  with  a  particular. 

ly  simple  two  body  force.  The  force  is  represented  by  two  simple  components, 

the  pairing  force  suggested  by  work  in  superconductivity  and  first  dis- 
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cussed  in  relation  to  the  nuclear  problem  by  Bohr,  Mottelson  and  Pines  * 

and  a  long  range  part  represented  by  a  quadrupole  force  as  suggested  by 
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the  work  of  Elliot  .  Belyaev  showed  that  the  model  contained  the  main 
qualitative  features  of  nuclear  spectra.  Including  in  particular  the 
transition  from  the  regions  of  spherical  nuclei  with  their  quadrupole 
vibrational  spectr^^to  the  regions  of  deformed  nuclei  with  their  associ¬ 
ated  vibrational  and  rotational  modes  of  exeitatior^ . 
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The  first  quantitative  comparison  of  the  model  with  experimental 
data  was  made  by  the  authors  in  a  study  of  nuclei  for  which 

either  the  neutrons  or  protons  completely  fill  a  major  shell.  (This  work 
will  be  referred  to  hereafter  as  Ref.  l)-.  Ihero  have  also  been  a 
number  of  calculations  applying  this  model  to  deformed  nuclei,  with  the 
result  that  one  now  believes  that  an  important  part  of  nuclear  structure 
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effects  can  be  accounted  for  by  these  simple  interactions  .  It  is  the 
purpose  of  the  present  work  to  carry  out  a  detailed  study  of  nuclei  from 
Ni  to  Pb  in  order  to  try  to  learn  to  what  extent  methods  essentially  the 
same  as  those  used  in  Ref.  can  be  applied  to  the  other  spherical  nuclei. 
Also  some  phenomena  such  as  3  decay,  not  treated  previously  owing  to  the 
restriction  there  to  single  closed  shell  nuclei,  will  be  included. 

The  main  assumption  of  the  work  is  that  the  low  lying  states 
of  spherical  nuclei  can  be  treated  in  terms  of  two  basic  excitations, 
quasi-particles  and  phonons.  For  the  most  part  these  are  treated  as 
separate  modes  of  motion.  For  even-even  nuclei  the  lowest  excitations 
are  the  phonons,  and  only  these  are  treated  in  detail.  For  the  odd-mass 
nuclei  both  of  these  modes  of  excitation  are  low  in  energy  and  must  be 
considered,  as  well  as  their  interactions.  We  trace  the  states  of  quasi¬ 
particles  and  phonons  to  see  to  what  extent  systematic  trends  of  the 
experimental  data  can  be  followed. 

While  in  Ref.  I  the  shell  model  levels  (single  particle  levels) 
were  chosen  separately  in  each  of  the  nuclear  regions  considered,  i.e. 
the  Pb  region,  the  Sn  region  etc.,  in  the  present  work,  these  levels  must 
be  chosen  once  for  all  the  nuclei  in  a  large  region  of  the  Isotope  table 
since  all  these  nuclei  are  considered  together.  To  obtain  agreement  with 
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experimental  results  it  is  found  necessary  to  include  a  smooth  variation 
of  the  single  particle  level  spacings  with  A,  and  to  use  different 
level  spacings  for  the  neutrons  and  the  protons.  Because  the  neutrons 
and  protons  are  filling  different  levels,  the  pairing  force,  which  is 
effective  only  for  shell  model  pairs  coupled  to  zero  angular  momentum, 
is  assiuned  to  exist  only  for  protons  and  neutrons  separately  and  is 
described  by  two  strength  parameters  Gp  and  G^j.  Tlie  quadrupole  force 
is  effective  for  protons,  neutrons,  and  for  proton-neutron  pairs  as  well 
and  so  is  described  by  three  coupling  constants  TCp,  ”3Cj^p» 

With  the  chosen  set  of  levels  and  coupling  constants,  the  inter¬ 
action  is  treated  in  the  following  manner.  First,  the  pairing  Hamiltonian 
is  approximately  diagonalized  by  the  use  of  the  quasi-particle  transforma¬ 
tion  for  neutrons  and  protons  separately.  The  quadrupole  force  is  then 
described  as  an  interaction  between  the  proton  and  neutron  quasi-particles. 
The  effect  of  this  force  is  determined  by  the  quasi-particle  random  phase 
approximation,  through  which  the  phonons  are  introduced.  Finally,  for 
certain  nuclear  properties  the  effects  of  an  additional  short  range  inter¬ 
action  are  derived  by  the  use  of  perturbation  theory  applied  to  the  pair¬ 
ing  plus  quadrupole  wave  functions. 

In  Chapter  II  the  quasi-particle  transformation  is  described 
and  results  to  be  used  here  are  derived.  Ihe  proton-neutron  short  range 
force  is  also  discussed.  Ihe  quasi-particle  random  phase  approximation 
as  applied  to  the  quadrupole  force  is  then  outlined,  and  the  results 
compared  with  those  of  adiabatic  perturbation  theory.  Ihe  results  are 
compared  with  experimental  energy  level  systematica  in  Chapter  III,  In 
Chapter  IV,  the  systematic  binding  energy  data  is  discussed.  In  Chapter 
V  and  VI  the  static  electromagnetic  moments  of  the  ground  state  and  some 
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excited  states  of  nuclei  arc  considered.  Chapter  VII  treats  the 
electromagnetic  transition  rates  and  Chapter  VIII  the  systematic  data 
concerning  beta  decay. 

II.  DESCRIPTION  OF  HAKILTOJIAN  AND  WAVE  FUNCTIONS 

A.  The  Hamiltonian 

Starting  from  a  shell  model  with  a  two -body  interaction,  we 
derive  various  single-particle  and  collective  properties  and  compare  the 
results  with  systemtic  data.  Only  the  particles  outside  of  the  closed 
shells  are  treated  explicitly,  the  particles  in  the  core  being  neglected 
except  in  so  far  as  they  give  rise  to  the  single  particle  potential  and 
renormalize  certain  properties  of  the  nuclear  particles,  such  as  the 
charge. 

The  residual  interaction  consists  of  two  components,  a  short 
range  joart,  which  leads  to  an  approximate  seniority  spectrum,  plus  a 
quadrupole  interaction,  which  is  mainly  associated  with  the  collective 
states.  The  pairing  force  used  to  approximate  the  short  range  component 
in  this  work  has  the  pro-perty  that  for  two  pa  rticles  in  a  j-level  only 
the  state  of  zero  angular  momentum  (seniority  zero)  is  affected.  In 
the  regions  in  lich  detailed  comparison  with  experiments  are  attempted 
the  neutrons  and  protons  are  for  the  most  part  being  placed  in  different 
shell  model  levels.  This  tends  to  make  a  force  which  acts  most  strongly 
in  states  with  all  particles  coupled  two-by-two  to  spin  zero  less  effective 
between  neutrons  and  protons  than  between  like  particles.  For  this  reason. 
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we  use  a  pairing  force  only  between  neutrons  and  between  protons 
separately,  and  neglect  the  neutron-proton  short-range  interaction 
(except  the  spherical  field  producing  part,  as  is  described  in  the  next 
section). 

The  notation  will  be  the  same  as  in  Ref,  1,  with  b^^  (b,  ^  ) 

jm  jm 

the  creation  (destruction)  operators  for  shell  model  particles  of  type  (p,n)f, 
angular  momentum  J  and  z-component  m,  with  the  time-reversed  phases 
for  the  states  I  j  -  m^  =  ^J^m  Hamiltonian  is 


W  --1  ef  ^  A  b,;,  by!,.  b;,„ 

jm  jj'^ 

^■■!r  PgaroKijfJiOrRC’klS  '***'”’ 

§ 


(1) 


in  which  Q  is  the  quadrupole  operator 

f  ^  Q 

;V  ;  3/.=  Kv 


(2) 


the  £  are  the  single  particle  energies,  and  G^,  G^,  Xp»  "X-n* 

Xare  force  constants  which  must  be  determined.  Ihe  choice  of  these 
np 

constants  is  limited  by  the  calculation  in  the  single  closed  shell  regions. 
From  Ref.  1  one  knows  approximate  values  for  G^,  Gp,y^  and'^p,  however, 
one  does  not  know  the  magnitude  of  ^p  from  that  work. 

The  only  neutron-proton  interaction  which  occurs  explicitly  in  this 
Hamiltonian  is  via  the  quadrupole  force.  With  this  assunption  the  energy 
spectrum  is  extremely  simple.  The  particle-like  states  are  separated 
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from  the  ground  state  by  the  smaller  of  the  proton  or  neutron  gap,  the 
one  phonon  vibrational  state  occurs  in  the  gap  (except  in  the  few  cases, 
when  there  is  a  low~lying  0+-  first  excited  state),  and  the  vibrational 
states  with  more  than  one  phonon  lie  either  in  the  gap  or  among  the 
excited  particle  states.  It  is  the  purpose  of  this  work  to  study  the 
solutions  to  this  system  and  to  try  to  learn  to  what  extent  systematic 
nuclear,  data  can  be  fit  by  such  a  model. 


J,  ^  .  • 

B.  The  Pairing  Solutions 

Ihe  first  two  terms  of  the  Hamiltonian  (l)  constitute  the  pairing 
Hamiltonian,  which  is  used  to  represent  the  short  range  force  because  of 
the  ease  with  which  fairly  accurate  solutions  can  be  found  regardless 
of  the  number  of  particles  involved.  Since  there  exist  rather  conplete 
descriptions  of  the  method  of  solution  based  on  the  work  in  the  theory 
.<^f  superconductivity  and  of  the  accuracy  of  the  results  (including  the 
effect  of  spurious  states)  for  nuclear  problems  in  the  regions  studied 
in  the  present  work^,  we  limit  ourselves  to  a  brief  discussion  of  the 
procedure  in  order  to  define  the  various  quantities  and  to  try  to  make 
the  paper  more  self-contained.  Since  the  neutron- proton  pairing  interaction 
is  neglected,  the  procedure  which  is  described  below  is  applied  to  neutrons 
and  protons  separately  and  the  index  ^  is  dropped. 

First,  a  Bogolyubov-Valatin  canonical  transformation  is  carried 
out  to  introduce  the  "quani-particle"  creation  and  annihilation _ 
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operators 


06|^  = 


'J  W 


^  j  m  ^  ^  J  -  w 


?J  Tyi  "  ■*■  Vi  bj 


w 


(3) 


Uj  ^Vj  =  1  , 

2  2 

in  which  Vj  (Uj  )  is  the  probability  of  occup/a  tion  (nonoccupation)  of 
the  J-level.  Since  the  seniority  coupling  scheme  is  specified,  one  needs 
to  know  only  these  quantities  to  specify  the  wave  functions.  The  chemical 
potentials,  A  ,  introduced  as  langrangian  multipliers  to  adjust  the 
average  number  of  protons  and  neutrons  to  correspond  to  the  isotope 
under  consideration  serve  as  the  Fermi  energies  of  the  proton  and  neutron 
systems.  The  coefficients  Uj  and  Vy  are  determined  by  the  solution 
of  the  equations 


^  \ 


» 
j 


=  J 


(4) 


where  n  is  the  particle  number,  and  the  quantities 


E  j  -  Ccej  -  "K) 


(5) 
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are  the  quaei-particle  energies,  'fhese  are  the  energies  of  the  elementary 
excitations  from  the  ground  state,  which  in  turn  depend  upon  the  quantity.^, 
defined  by 


4  wJ^oUjVj 


which  is  approximately  one-half  the  gap  in  the:  even  proton  or  neutron 
spectrum.  Having  selected  A  and’ A  to  satisfy  ^.  .  (4)  for  protphs  and 
neutrons,  one  can  obtain  the  occupation  coefficients  from  the.,  relation¬ 


ships 

=  Cl  +  iej -  ^y/Ejj/z  , 
sCl  V  V2.  . 


The  Hamiltonian  (1 )  can  be  then  approximate^  writteh:  as  ,  ,  , 

g-  tf  f 


(8) 


The  approximation  made  in  Eq.  (8)  is  the  dropping  of  terms  in  the  scatter¬ 
ing  of  quasi-particles  due  to  the  pairing  force  and  the  neglect  of  the  change 
of  the  quantities  ^  and  A  in  the  excited  states.  Although  these  latter 
effects  are  sometimes  large,  especially  for  the  calculation  of  the  states  of 
odd-mass  nuclei  in  the  deformed  region  (e.g.  see  V.G.  Soloviev'^),  in  the  region 
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tn  which  we  calculate  they  are  generally  small. 


In  the  quasi¬ 


particle  representation  a  single  particle  operator  of  rank  L, 

-  2  bjv  bj,,»j  ^  has  the  form 


L/" 


(9) 


4  (UjUji  4  Vj;^- )  71 -y  3 ^  ^  r ^ ^ o 


with  the  upper  (lower)  sign  holding  for  an  operator  which  does  npt  (does) 
change  sign  upon  tiir  i  reversal.  For  convenience,  two  operators  have  been 
introduced  in  Eq.  (9)»  the  double  quasi-particle  creation  operator 

.t  >  4  ■ 


t  ^  _  L  ^  ^ 

A  j  j'  '  j 


(10) 


representing  two  quasi-particle  creation  operators  vector  coupled  to  form  a 
tensor  of  rank  L  (With  a  phase  (-1)  ),  and 


llj" 


(11) 


a  tensor  of  rank  L  corresponding  to  the  transition  of  a  quasi-particle  from 
state  J  to  state  J*.  The  e^Ucit  forms  for  these  operators  in  terms 
of  the  quasi-particles  with  time  reversed  phases  are  given  in  Appendix  I, 

Eqs.  (Al)  and  (A2).  The  two  quasi-particles  which  are  coupled  to  form 
are  always  either  both  protons  or  both  neutrons,  and  the'  notation 
is  used  when  we  wish  to  consider  a  proton  and  a  neutron  quasi-particle 
vector  coupled. 
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The  eigenfunctions  corresponding  to  the  pairing  part  of  the  Hamiltonian 


are  the  quasi-particle  states.  For  an  even-even  nucleus  the  (unnormalized) 


states  are 


A,»  , 


CAl*  a'/.-j'"  W 


e  t  c  •  ^ 


with  energies  , 


^  ^  ^  ^2  ^  ^4  *  etc.j  respective¬ 


ly,  the  quasi-particle  vacu^,  the  two  quasi-particle  states,  the  four  quasi- 
particle  states,  etc.  In  each  state  there  are  an  even  number  of  proton 
arid  neutron  quasi-particles.  The  ground  state  ,  is' the  quasi-partic 

vacuum  defined  by 


si  =  0  . 


(12) 


For  an  odd-mass  nucleus  the  eigenfunctions  are  the  one  quasi-jjarticle  states 

(V/  U) "  the  three  quasi-particle  states 

I'm  1  o  ) 

etc.,  with  energies  E°  +  E^,  E^  +  E^  +  £2  +  >  etc,.  In  each  odd  proton 

(neutron)  state  there  are  an  odd  number  of  proton  (neutron)  quasi-particles 
and  an  even  number  of  the  other  type.  The  states  of  an  odd-odd  nucleus 
consist  of  odd  numbers  of  both  neutron  and  proton  quasi-particles  with  an 
energy  spectrum  E®  +  +  £2^  ,  etc. 

Since  the  gap  sepjarates  the  zero  quasi-particle  states  from  the  two 
quasi-particle  states,  the  low-lying  states  for  the  even-even  nuclei  are 
the  zero  and  two  quasi-particle  states,  and  for  odd-odd  nuclei  are  the  coupled 
one  proton  and  one  neutron  quasi-particies.  Therefore,  in  so  far  as  the 
quadrupole  terms  can  be  neglected,  the  low  lying  states  of  odd-mass  nuclei 
have  the  sinplicity  of  a  single  particle  in  several  j-levels,  anci  the  low- 
lying  states  of  even-even  (except  for  the  ground  state)  and  odd-odd  nuclei 
appear  as  two-particle  spectra  in  those  same  levels  regardless  of  the  number 


w/a,'.']""'  v: 
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of  nucleons  involved.  This  enables  one  to  systematically  compare  the  theor¬ 
etical  calculations  to  the  experimental  spectroscopic  information  with  little 
difficulty.  In  fact,  there  is  now  good  experimental  evidence  that  there  is 
this  smooth  and  gradual  variation  of  the  particle-like  states  as  one  proceeds 
through  the  major  shells,  in  agreement  with  the  basic  assumptions  of  this 
picture.  In  the  next  section,  the  effects  of  the  quadrupole  interaction  are 
discussed,  but  first  the  neutron-proton  short  range  force  will  be  considered. 

The  neutron-proton  short  range  force  is  expected  to  play  an  increasingly 
larger  role  as  one  treats  lighter  mass  nuclei.  For  the  investigation  of  the 
role  of  this  force  in  nuclear  structure,  the  nuclei  with  one  particle  added 
to  or  removed  from  one  closed  shell  and  various  numbers  of  nucleons  outside 
of  the  other  closed  shell  seem  to  give  the  most  direct  information.  Silver- 
berg,  who  has  carried  out  extensive  calculations  for  these  isotopes,  concludes 
that  he  must  include  a  neutron-proton  short  reinge  force  to  account  for  the 
level  systematics  of  these  nuclei;  and  he  finds  that  he  can  successfully 
account  for  the  general  features  of  these  systematics  by  calculating  the 
radial  overlap  integrals  between  the  neutron  and  proton wave  functions. 

Let  us  consider  the  case  of  one  proton  outside  of  the  proton  closed 
shell  and  a  ^  -function  interaction  between  the  proton  and  various  numbers 
of  neutrons 

t  t 

TITl' 


A  spin  dependent  part  gives  no  contribution  for  the  S  -function  force. 
Evaluating  the  energy  shift  due  to  this  force  in  perturbation  theory  for 


the  states  with  one  proton  and  an  even  number  of  neutrons 


(U) 


12 


one  finds  for  the  energy  shifts  of  these  states 


S X">\  V"’ 


The  are  the  radial  wave  functions.  Since  the  energy  shifts 

^  E^i  of  the  different  proton  levels  are  unequal,  these  can  be  inter- 
preted  as  additional  shifts  in  the  single-particle  levels  as  a  function  of 
A.  However,  the  interpretation  is  complicated  by  the  fact  that  there  are 
other  phenomena  which  can  cause  effective  level  shifts,  E.ig.,  the  particle 
interacts  with  the  phonon  (see  next  section),  and  the  level  spacings  depend 
upon  the  parameters  ,  G,  and  X  .  Moreover,  the  addition  of  other 
long-range  forces  to  the  quadrupole  force,  to  change  the  composition  of  the 

phonon,  can  alter  the  energy  levels  of  the  odd  mass  isotopes  without  changing 

n 

the  systematica  of  the  collective  states  ,  In  Chapter  III  systematic 
studies  with  these  energy  shifts  are  discussed. 

In  a  similar  manner  one  can  evaluate  the  interaction,  Eq.  (13), 

in  pure  quasi-particle  states.  Introducing  the  quasi-particle  transforma¬ 
tion  (3),  one  finds  that  dnly^  the  part  oi  the  force  contributes  and  that, 
e.g.  in  proton  one  quasi-particle  .states  ,  ,  .;bhe  energy  shifts  of  the 

Ar-8-^-  v'"-  ■  -  ■ 

quasi-particle  states  4 t  are  ' 


For  the  lowest  quasi-particle  states  U  so  these  effects  would  tend  to 

be  reduced,  and  one  would  expect  the  maximum  energy  shifts  at  the  single 
closed  shell  plus  one  nuclei. 

Of  course,  there  are  also  contributions  which  arise  frtms  the  admixture 
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of  higher  quaei-particie  states.  Becauee  of  the  low-lying  phonon  states 
which  can  be  accounted  for  by  the  quadrupolo  interaction,  one  can  expect 
that  the  quadrupole  part  of  the  neutron-proton  force  might  play  an 
especially  important  role.  This  part  is  included  in  our  Hamiltonian,  as 
is  described  in  the  next  section. 

C.  The  Long  Range  Force 

1.  Even-Even  Nuclei.  QRPA  Approxiniation 

The  general  experimental  systematica^  for  the  even-even  nuclei  in 
the  regions  which  are  treated  in  this  work  are  that  the  first  excited 
state  is  almost  always  a  single  2t  state  (at  energy  fl  w  above  the 
ground  state)  with  a  fast  reduced  £2  transition  to  the  ground  state. 

The  next  excited  states,  which  are  2f,  4+,  and  Of  states,  are  at  roughly 
2^  w  excitation  energy  with  a  reduced  E2  transition  rate  to  the  first 
2+  state  of  the  same  order  as  that  of  the  latter  to  the  ground  state,  while 
the  reduced  Ml  transitions  from  the  second  2f  to  the  first  2f  state 
and  the  reduced  E2  crossover  transition  to  the  ground  state  is  much 
weaker.  Although  these  systematics  are  not  so  regular  or  so  striking  as 
the  analogous  ones  in  the  rotational  region,  this  data  strongiy  suggests 
that  the  lowest  states  of  the  even-even  nuclei  in  this  region  are  not 
properly  described  as  two  quasi-particle  or  other  simple  particle  states 
but  more  nearly  as  quadrupole  vibrational  states. 

Starting  from  the  pairing  force  with  its  approximate  quasi-particle 
solut..ons,  one  can  see  that  the  simplest  additional  force  which  gives 
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rise  to  such  adiabatic  motions  is  the  quadrupole  interaction.  Therefore, 
for  the  long  range  force  component  we  use  the  quadrupole  force.  Ivhereas 
this  force  is  important  for  particles  in  different  orbit a < it  cannot 
be  assumed  to  be  effective  only  among  proton  pairs  and  neutron  pairs  as 
is  the  pairing  force,  but  must  also  be  effective  as  a  proton-neutron 
interaction.  There  are  then  three  coupling  strength  parameters  , 

,  and  X-  ,  and  the  Hamiltonian  Eq.  (8)  including  the  effect 

of  pairing  and  quadrupole  forces  may  be  written  out  in  terms  of  the 
quasi-particle  operators  as 


H-Eo 


A  p 

•  a  ■ 


^ -n  1  in 


(16) 


where  the  subscript  p,  n  refers  to  proton,  neutron  quasi-particle 

A 

operators  and  energies  respectively,  and  Q  is  the  proton  or  neutron 
quadrupole  moment  operator; 


'  Z. 


(17) 


the  lowest  excited  states  of  an  even-even  nucleus  are  the  two  quasl- 
partjcle  states  where  both  are  protons  or  neutrons.  (A  state  of  one  neutron 
and  one  proton  quasi-particle  corresponds  to  an  odd-odd  nucleus).  The  quad- 
rupole  force  has  its  most  pronounced  effect  on  the  states  in  which  the  proton 
or  neutron  quasi-particle  pair  is  coupled  to  The  approximation  of  linear¬ 

ized  equation  of  motion  in  terms  of  quasi-particle  pairs  called  the  quasi- 

particle  random  phase  approximation,  referred  to  hereafter  as  QRPA,  is  used 
12 

to  treat  this  force  .  ilie  result  of  this  approximation  is  that  only  the 
2+-  states  among  the  many  two  quasi-particle  states  are  affected.  In  the 
absence  of  X  n  ^  ,  the  neutron  and  proton  states  remain  Independent  and  two 
2+  states  are  lowered  into  the  energy  gap.  Cne  will  be  a  linear  combination 

of  neutron  2f  states  and  the  other  of  proton  2f  states.  In  the  presence  of 

a  large  a  single  level,  which  is  a  linear  combination  of  both 

proton  and  neutron  2+  states,  is  lowered  into  the  energy  gap.  In  the  QRPA 
approximation,  that  2+  level  is  the  first  excited  state  of  a  quadrupole 
harmonic  oscillator  in  the  sense  that  it  is  followed  by  an  Of  2+  4+  triplet 
at  twice  the  energy,  and  by  the  other  well  known  levels  at  Integral  multiples 
of  the  energy  "fT  w  of  the  lowest  2+  states.  The  previous  calculations 
for  single  closed  shell  nuclei  (Ref*  l)  for  which  only  one  kind  of  particles 
is  free  to  utilize  the  two  body  force  shows  that  .  The  experi¬ 
mental  observation  of  only  one  low  2+  (and  not  a  doublet)  shows  furthermore 

that  'X'^^  must  at  least  be  a  sizable  fraction  of  X'V  9-nd  7^  jo  • 
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For  even  nuclei  the  QRPA  approxLniation  consists  in  dropping  the  first 
sum  in  Eq.  (17).  The  justification  for  this  is  that  the  effect  of  this  term 
is  spread  over  many  pair  states  of  various  angular  momenta,  and  its  matrix 
elements  are  small  since  they  are  proportional  to  the  number  of  quasi-particles 
in  the  state.  Tlie  second  term  of  Eq.  (17),  the  one  which  is  retained,  has 
its  effect  concentrated  entirely  on  the  2+  pairs,  and  its  matrix  element  is 
proportional  to  the  number  of  participating  particles  rather  than  quasi- 
particleS.  The  other  approximations  necessary  for  the  solution  of  Eq.  (l6) 
all  involve  dropping  terms  of  single  quasi-particle  type  spread  over  many 
angular  momenta  and  so  are  consistent  with  the  central  approximation  above. 

Vfe  may  approximate  the  independent  quasi-particle  Hamiltonian  ass 

2  (19) 


since  both  sides  of  Eq.  (19)  have  approximately  the  same  commutator  with 
all  of  the  . A  and  A^i  In  Eq.  (19) 


(20) 


A- 

and  ^  ( 1  is  the  vector  coupling  of  and  J2  quasi-particle  creation 
operators  to  a  total  angular  momentum  of  J,  M.  defined  by  Eq.  (Al). 
it 


The  A'  have  the  commutation  relation, 

iC  .A?'*''']  -- 


+  single-quasi-particle  scattering  terms  spread  over  many 
angular  momenta  .  (21) 

With  the  omission  of  the  last  term  in  Eq.  (21),  Eq.  (19)  describes  a  set  of 
independent  harmonic  oscillators. 
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With  the  use  of  the  Wigner-Eckart  theorem  on  Eq.  (18),  the  retained  term 
of  Eq.  (17),  may  be  written  in  terms  of  the  "A"  operators. 


jj'. 


(22) 


where 


a 


jj' 


-L  i-"’- 


y^ll  j'>  (  Uj  Uj' V;  VjO  . 


(23) 


In  this  approximation,  the  quadrupole  terms  of  Eq.  (l6)  produce  a 

harmonic  coupling  among  the  otherwise  independent  harmonic  oscillators 

described  by  the  first  two  terms.  Ihe  problem  is  simply  to  find  the  normal 

.  JM 

modes.  The  modes  described  by  A,^  ,  J^2+  are  already  normal  and  retain 

the  energies  .  Because  of  the  commutation  relation  Eq.  (21)  only 

only  the  J  =  2+-  modes  are  coupled.  Since  the  coupling  terms  are  themselves 
harmonic,  the  Hamiltonian  Eq*  (16)  expressed  in  terms  of  its  normal  mode 
creation  operators  will  be  a  set  of  uncoupled  harmonic  oscillators.  Call¬ 
ing  the  creation  operators  for  these  oscillators  and  their  energies  u, 

and  letting  and  be  the  ground  state  and  ground  state  energy  of  the 

Hamiltonian  such  that  =  O  one  has: 


(H  -  £.)  BI  %  --  iH,  8l]%  =  OJ  bL  %  . 


(24) 


1  -  n  A'' 

Since  \_Ci  j  A  J  ^  the  A  do  form  normal  modes. 

For  J  =  2,  one  also  wishes  to  Consider  higher  excitations  of  the  lowest 
mode  oscillator,  hereafter  referred  to  as  the  phonon,  which  requires 

Ch  ,  B  j  3  =  w  , 
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(25) 


la 

as  an  operator  equation.  Let  us  define  the  comnutatore  (which  are  c  numbers 
in  our  approximation) 


[A,  ,0^]  , 

Ca',  ,  bLi  , 


(26a) 

(26b) 


where  £  stands  for  a  proton  or  neutron  pair  j)>i.  * 

(with  the  two  angular  momenta  coupled  to  2+-).  Taking  the  commutator  of  Eq. 
(25)  with  one  obtains  with  the  use  of  (16)  (17), 

(19)  and  (21): 

(27a) 


(27b) 


and  two  similar  equations  may  be  obtained  using  Afs  n 
One  may  combine  Eqs,  27a,  27b  to  obtain 

(x,f,  Sp-  (K:) +  ^1,|>  Q,. (27^^ 


and  the  two  similar  equations  to  obtain 


4.  /J2,  a,. 
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where 

S,  =  (J*  3  . 

P  r 

(28) 

and  a  similar  equation  defines  S^.  Since  Eqs.  (27)  are  linear  and  homogeneous  in 
the  sums  on  r  +  s  they  vriLll  have  solutions  only  for  certain  values  of  u, 

W  U) 

namely  those  satisfying  the  relation: 

(^k  St' 5,- S.S^  ^o, 

^  p  P  p  (29) 

The  nature  of  the  solutions  u  satisfying  Eq.  (29)  are  easily  seen.  If 

X  u ))  =  0  g®l  solutions  when  either  ^  ^  Sj>  =  i  Xn  -  1 . 

Each  of  these  equations  has  as  the  number  of  solutions  the  number  of  proton 

(neutron)  pair  states  coupling  to  For  0  ,  Xfn  >  O  the  lowest 

proton  (i)  will  lie  below  €(p)  minimunv  and  the  lowest  neutron  u  below  £(n) 

minimum,  Ihe  larger  the  "X,  the  lower  the  state  is  (until  for  sufficiently 
2 

large  X>  u  passes  zero  and  becomes  negative  corresponding  to  a  permanent  deforma^ 
tion).  There  may  thus  be  two  low  energy  2+-  states  in  this  case.  The  effect 
on  these  states  of  changing  X,n|«  from  zero  is  also  easily  seen.  The  product 
(%j,S(,-~  y)  ■Jr  ~  must  now  bo  positive.  Thus,  the  lower  of  the 

two  ~  ^  levels  must  be  lowered  farther  making  each  factor  above  positive 

while  the  higher  energy  is  raised  making  each  factor  negative,  i'or  suffici¬ 
ently  large  there  will  be  essentially  only  one  u  left  in  the  energy 

'  X 

gap.  In  particular  for  X-np  -  Xu  EQ*  (29)  becomes 


(30) 
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For  Eq*  (30)  to  be  satisfied  It  is  clear  that  the  lowest  u  Is  below  the 
lowest  (^(f  )  while  the  other  u's  are  spaced  with  one  u  between  each  adjacent 
pair  of  energies  (^( ^ ).  The  spectrum  In  this  case  la  similar  to  that  of  the 
single  closed  shell  case. 

The  reduced  electromagnetic  transition  rate  from  the  lowest  to  Ot-  may 
easily  be  computed.  We  have: 

BCE2-J  =  xyj 


-  1 


n 


(31) 


where  total  effective  charge  for  protons  and  neutrons 

respectively.  From  Eq.  (26)  we  see  that 


so  the  nomallzatlon  condition  on  requires 

Aside  from  this  overall  normalization  Eq.  (27a--d)  shows  that  for  positive 
'hp  » 

^wtV)  -  , 


(3^  Ct/) 
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Thus  we  have 

I  C-Tn  O  Sf,  4-  [S^d S,  ^  (35) 

'?ofs,  (I  -  s„)  £(a,.)'aw/fQ^) -Xf.?pr(<a,)’a>i)/^r(j>''J  * 

I' 


For  the  numerical  results,  the  effective  charge  for  protons  and  neutrons 
have  been  taken  as  2e,  and  e  respectively.  The  majority  of  the  computa¬ 
tions  were  performed  with  the  parameters  of  quadrupole  coupling  all  chosen 
equal  i.e.  —  X'Ti  -  that  case  the  B(E2)  value 

takes  the  simpler  form: 


B(e^) 

yJs  Ceu*t 


^  i 


2.  Even-Even  Nuclei  -  the  Adiabatic  Limit 


Condition(29j may  be  rewritten 

%f>—  l/S^ 


-  0 


’X'H))  X'n  —  1/ Sft 

In  the  adiabatic  limit  i.e,  for  any  w  such  that 


(37) 


u"  «  £(« 


(38) 


we  may  write 

sf' Bj/o-f) 


> 


(39) 
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where 

cl^  =1^  c<2j)V6(f>  » 

(40a) 

■gf  -^SCae)V£(f/  . 

^  (40b) 

In  this  limit  Eq,  (37)  may  be  written: 

2 

There  are  two  values  of  a*  which  satisfy  Eq,  (41).  Either  one  or  both  of 
these  roots  may  satisfy  the  inequality  (38).  In  the  first  case  only  that 
lowest  root  will  be  an  approximate  solution  to  the  original  relation  Eq. 

(29).  In  the  latter  case  (which  will  hold  only  for  relatively  small 
both  roots  are  approximate  solutions  of  Eq.  (29). 

It  is  easy  to  show  that  Eq.  (41)  is  also  the  result  of  adiabatic  per¬ 
turbation  theory.  The  quadrupole  force  is  replaced  by  the  interaction  of  each 
particle  with  two  quadrupole  fields  —  a  neutron  and  a  proton  field.  The 
self-consistency  conditions  are  applied  that  each  field  have  the  same  quad¬ 
rupole  moment  as  the  corresponding  particles.  The  inertial  parameters  are 
calculated  as  in  Ref.  I,  The  resulting  collective  Hamiltonian  written  in 
terms  of  the  collective  parameters  S.  is  derived  in  the  same  fashion  as 
in  lief.  I. 


with 


(43a) 


(43b) 
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It  ie  then  easy  to  show  that  the  normal  mode  energies  of  Eq.  (A^)  are 
just  given  by  Eq.  (41). 

In  the  special  base  X-ti  ■»  ^  the  adiabatic  limit 

to  Eq.  (29)  takes  the  particularly  simple  form: 

^  (44) 

Eq.  (44)  is  also  the  result  of  an  adiabatic  perturbation  theory  calcid-ation. 

In  this  case  a  single  quachrupole  field  is  introduced  which  acts  with  equal 
strength,  given  by  the  parameter  X-  ,  on  protons  and  neutrons.  A  single 
self  consistency  condition  is  applied  that  the  field  have  the  same  quadrupole 
moment  as  that  of  all  the  neutrons  and  protons  taken  together,  'llie  resulting 
collective  Hamiltonian  describes  harmonic  vibrations  with  a  frequency  given 
in  the  adiabatic  limit  by  Eq.  (44). 

The  adiabatic  limit  to  the  B(£2)  value  Eq.  (35)  is  also  obtained 
by  adiabatic  perturbation  theory,  with  the  assumption  that  the  lowest  24- 
state  of  Eq.  (42)  contain  the  entire  quadrupole  matrix  element  with  the 
ground  state.  Thus  in  the  adiabatic  limit  QRPA  and  the  harmonic  oscillating 
quadrupole  field  model  are  Identical.  For  weaker  quadrupole  coupling,  the 
QRPA  has  the  advantage  of  going  to  the  correct  limit  while  in  the  oscillator 
model,  the  vibration  is  Introduced  as  an  extra  degree  of  freedom  which  persists 
to  zero  coupling. 

It  should  be  en^haslzed  that  the  QRPA  requires  a  large  effective  degeneracy 

and  a  dcmlnation  of  pairing  effects.  If  4/G  is  not  sufficiently  large,  the 

Tl  terms  can  be  as  important  as  the  terms  and,  for  example,  the  ground 

(2)  13 

state  can  be  lowered  in  energy  more  than  the  2f  state  by  the  P'  '  force  . 


24 


3»  Odd-Mass  Nuclei 


In  odd-mass  nuclei,  the  low  states  (in  the  absence  of  quadrupole 
coupling)  are  the  states  of  one  quasi-particle.  With  quadrupole  coupling 
there  will  be  in  addition  some  number  of  phonons.  Considering  only  the 
degrees  of  freedom  associated  with  the  phonons  and  the  quasi-particle  we 
may  obtain  the  approximate  Hamiltonian  for  the  odd-mass  system  by  simply 
adding  to  the  phonon  Hamiltonian  =  €»)  (which  comes 

from  Eq.  24),  the  energy  of  the  quasi-particle  given 

and  the  interaction  between  the  quasi-particle  and  the  phonons.  The  w  is 
the  phonon  energy  i.e.  the  energy  of  the  lowest  oscillator.  The  phonon 
operators  and  the  quasi  particle  operators  a,  |3  are  treated  as  independ¬ 
ent  variables  i.e,  the  equality  =  0  is  assumed.  This  is 

Justified  by  the  fact  that  a  phonon  contains  only  a  snail  amplitude  for  the 
presence  of  any  particular  quasi-particle.  The  interaction  referred  to 
above,  betw^eii  the  quasi-particle  and  the  phonon,  arises  from  terms  in  the 
quadrupole  part  of  the  original  Hamiltonian  obtained  fr::)m  the  first  sum  of 


/  \  ^  ^ 

Eq.  (17).  Specifically,  from  the  term  Q  •  Q  the  cross  term  is  retained 

in  which  one  of  the  Q  is  approximated  by  Eq,  (22),  and  the  other  retains 

the  scattering  term  .  Although 

this  term  is  dropped  for  n-en-even  nuclei,  for  odd-mass  nuclei  it  must  be 

retained  since  it  can  scatter  the  odd  quasi-particle  causing  energy  shifts 

comparable  to  the  original  single  particle  separations.  This  Interaction 

term  may  be  written  in  terms  of  of  Bqs*  (10  -  11),  for  a  proton 

quasi-particle  as 
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and  a  similar  expression  occurs  for  a  neutron  quasi-particle.  By  the  use 
of  the  inverse  transformation  to  Eq.  (32), 

a\  BJ,  (46) 


the  interaction  term  Eq.  (45)  may  be  written  in  terms  of  and  Bo)  • 

If  only  the  phonon  and  odd-quasi-particle  degrees  of  freedom  are  considered 


the  odd-proton  Hamiltonian  may  be  written 


P«flT*W 


(47) 

In  writing  Eq.  (47)  we  have  included  for  the  quadrupole  interaction 
part,  but  not  all,  of  the  contributions  from  the  three  or  more  quasi-particle 
states.  We  know  that  in  some  cases  the  effects  of  the  force  on  the  quasi- 
particle  states  will  not  be  properly  described  in  this  manner;  e.g.,  in  the 
calculation  of  Ref.  I,  the  low-lying  5/2-  state,  which  is  associated 
mainly  with  the  seniority  three  state  of  the  configuration,  is 

predicted  by  an  exact  solution  of  the  pairing  plus  quadrupole  Interactions, 
while  this  state  would  remain  high  in  energy  if  one  used  the  Hamiltonian 
(47).  Although  the  phonon-quasi-particle  interaction  does  not  always  re¬ 
produce  accurately  the  quadrupole  effects,  in  the  regions  Included  in  this 
work  the  phonon  states  are  much  lower  in  energy  than  the  two  and  more 
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quasi-particle  states  (in  the  even-even  nuclei)  whenever  the  quadrupole 
effects  are  large,  so  one  can  expect  that  the  Hamiltonian  (^7)  will  Include 
the  largest  quadrupole  effects  for  the  states  arising  from  the  one  quasi¬ 
particle  states  in  the  absence  of  a  quadrupole  interaction.  However,  for 
the  states  which  arise  from  the  seniority  three  states,  e.g.,  the  low-lying 
states  of  spin  j  ~  I  for  pure  i  configurations  such  as  in  the 
case,  one  would  not  expect  that  the  interaction  will  properly  treat  the 
effect  of  the  three  quasi-particle  states. 

This  Hamiltonian  Eq.  (47)  which  is  in  the  form  of  an  intermediate 


14 

coupling  between  quasi-particles  and  phonons  is  diagonalized  including  the 

quasi-particle  states  together  with  all  admixed  states  containing  up  to 

two  phonons.  The  matrix  elements  for  this  calculation  aside  from  the  U,  V 

14 

factor  and  the  r,  8,  factor  are  just  those  given  by  Chaudhury.  The  no>phonon 
and  one -phonon  matrix  elements  are 


Coil 


(48) 


As  the  two  phonon  states  are  weakly  admixed  in  lew  states,  the  fact  that 
[b^  ^  ^ 'P,  may  not  describe  them  very  well  does  ttot  introduce  much  error, 

'llie  one-phonon  to  two-phonon  elements  are 


'  Co^ic'O'^  W(2.^  jj' »  ^  ^  (U9) 


The  effective  coupling  constant  X'  is 

"  (6U)  i f ♦-  s^a  -  Jtf. Si,  j  *(0„  3  ^ 


(50) 
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The  equations  for  an  odd  neutron  nucleus  are  the  sains  type.  The  dlagonaL- 
ization  of  Eq.  (47)  was  performed  on  an  electronic  computer  and  the  wave 
functions  and  energies  of  all  levels  up  to  1  Mev  and  higher  In  some  cases 
were  retained,  'fhe  results  of  this  dlagonallzatlon  are  presented  In  the 
following  section,  together  with  the  results  on  energy  systematics  for 
even  nuclei  and  a  few  comments  on  odd- odd  nuclei. 

III.  ENERGY  LEVEL  SYSTEMATICS 

Since  in  the  systematic  studies  of  even-even,  odd-odd,  and  odd-mass 
nuclei  for  the  spherical  region  one  is  generally  concerned  with  quite 
different  aspects  of  nuclear  structure,  we  shall  treat  these  systems 
separately.  For  the  even-even  nuclei  the  main  energy  level  systematics 
concern  the  positions  of  the  vibrational  levels,  while  for  the  odd-mass 
nuclei  one  has  information  both  about  the  positions  of  the  quasi-particle 
states  and  the  states  of  quasi-particles  and  phonons,  and  these  states  are 
often  strongly  admixed.  For  the  odd— odd  nuclei  the  experimental  data  is  not 
so  extensive,  and  seems  mainly  to  give  information  about  the  states  of 
proton  and  neutron  quasi-particles. 

A.  The  Parameters  and  Descrljitlon  of  Method  of  Calciilation 

1.  The  Interaction  Strength  Parameters 

The  parameters  which  enter  into  the  determination  of  the  energy 
levels,  and  the  wave  functions  which  are  used  subsequently  to  calculate  the 
other  properties,  are  the  two  pairing  force  strength  parameters, 
and  Gjj,  the  three  long  range  force  parameters,  Xp,  and  “Xnp* 
and  the  single-particle  energy  level  parameters  .A  fourth 

parameter  g,  defined  in  Eq.  (13)  is  used  for  studies  to  try  to  determine 
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the  ^ J  *'  t  but  does  not  actually  enter  into  arty  part  of  the  calcula¬ 
tion  directly. 

The  most  accurate  information  for  the  deteirmination  of  the  strength 
parameters  of  the  p>airing  force  comes  from  the  single  closed  shell  data. 

As  was  discussed  in  Ref.  the  main  experimental  information  which  goes 
into  the  choice  of  these  parameters  is  the  even-odd  mass  differences,  the 
gap,  and  the  position  of  certain  states  of  high  angular  momentum  and  odd 
parity  in  even-even  nuclei.  However,  to  the  extent  that  the  calculated 
values  of  these  quantities  depends  upon  the  details  of  the  single-particle 
spacing  there  is  scxne  uncertainty  in  the  choice  of  the  best  value  of  these 
parameters  even  in  the  single  closed  shell  regions.  We  estimate  that  the 
overall  accuracy  is  approximately  20^  for  these  Isotopes. 

It  is  surprising  how  little  additional  direct  information  on  these 
palrj.ng  force  parameters  can  be  extracted  from  the  remaining  isotopes,  which 
constitute  the  great  majority  of  the  nuclei  included  in  this  work.  First 
of  all,  there  are  not  many  of  these  Isotopes  in  which  one  can  clearly  identify 
the  lowest  excited  quasi-particle  states  because  the  multiple  phonon  states 
are  always  in  the  gap  or  mixed  in  with  the  lowest-lying  two  quasi-particle 
states.  Secondly,  because  of  the  Increased  complexity  in  the  spectrum  as 
soon  as  one  leaves  the  single  closed  shell  isotopes,  it  has  been  difficult 
for  many  determinations  of  states  of  high  spin  and  odd  parity  to  be  made  in 
even-even  nuclei.  Moreover,  although  there  is  some  excellent  mass  data,  the 
theoretical  uncertainties  due  to  Increased  Importance  of  the  long  range  force 
does  not  allow  the  even-odd  mass  data  to  be  so  clearly  Interpreted,  as  will 
be  pointed  out  in  Cpt.  IV. 
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For  this  reason,  we  have  simply  used  the  force  parameters  which  are 

obtained  from  the  single  closed  shell  regions.  Although  there  is  some 

7 

evidence  for  to  be  slightly  larger  than  in  the  deformed  region  , 
and  one  might  expect  this  to  be  the  case  because  of  the  smaller  Fermi 
energy  for  protons  than  neutrons  in  heavy  nuclei^^,  we  were  unable  to 
justify  the  use  of  two  different  force  parameters  in  our  calculation.  In 
a  rather  extensive  survey  in  various  regions  we  were  not  able  to  find  an 
overall  systematic  improvement  in  the  various  states  by  using  different 
values.  Thus  we  chose 


for  each  isotope,  and  allowed  G  to  have  a  mass  dependence  of  G  1/A, , 
where  A  is  the  mass  number. 

As  will  be  discussed  more  fully  in  Section  B,  there  is  nothing  in 
all  of  the  systematica  on  the  vibrational  states  which  contradicts  the 
simple  picture  of  the  vibration  being  formed  by  a  force  equivalent  to  the 
interaction  of  the  quadrupole  moments  of  the  particles  with  the  quadrupole 
moment  of  the  entire  nucleus;  i.e*  in  all  of  these  nuclei  the  spacing  of 
the  vibrational  levels  is  essentially  that  of  a  single  quadrupole  vibrator. 
As  can  be  seen  from  Eq.  (44)  and  the  discussion  in  the  previous  chapter, 
this  suggests  that  the  three  quadrupole  force  parameters  are  approximately 
equal.  Since  there  was  nothing  found  in  the  calculations  using  different 
force  strengths  to  suggest  that  systematic  improvements  could  be  obtained 
by  using  different  force  strengths,  we  have  made  the  choice  that 


Xu  “  Xv|»  -  X 


(52) 
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for  all  of  the  calculations  which  are  discussed  here  -ter. 

In  the  even-even  nuclei  we  attempt  to  determine  the  best  overall 
values  for  this  X-  parameter  and  its  A  dependence*  However,  for  the 
odd-mass  nuclei  we  do  not  directly  use  this  value,  as  will  be  explained 
below. 

2,  The  Single-Particle  Parameters 

The  greatest  uncertainty  in  the  numerical  results  obtained  in  this 
work  comes  from  the  uncertainty  in  the  values  of  the  single-particle  energy 
parameters,  £j  .  From  the  single  closed  shell  nuclei  and  from  the 
Isotopes  with  one  particle  away  from  a  single  closed  shell  one  can  often 
obtain  rather  good  information  about  two  or  three  levels,  but  usually  one 
must  hope  only  to  have  reasonably  good  values  for  the  levels  which  are 
most  in^ortant  for  a  particular  isotope.  However,  because  of  the  large 
changes  in  the  mass  nvunbers  even  in  one  region  which  are  involved  in  these 
calculations,  this  is  not  always  very  easy  to  accomplish  in  practice. 

The  most  important  aspect  of  this  difficulty  seems  to  be  effective 
changes  which  are  produced  by  the  neutrorwproton  short  range  force.  In  ^mor 
calculation  with  a  phenomonoligical  residual  force,  the  simplest  correction 
which  one  can  attenpt  to  make,  to  try  to  take  into  account  the  parts  of  the 
interaction  which  have  been  neglected,  is  that  of  altering  the  effective 
potential  for  the  particles.  In  doing  this  one  effectively  takes  into 
account  the  (angular  independent)  part  of  the  interaction.  We  have  done  this 
in  a  phenomenonologioal  manner  in  the  present  work  in  a  few  cases  where  there 
seemed  to  be  clear  evidence  that  this  is  necessary. 
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It  should  be  pointed  out  that  although  this  adds  a  certain  amount  of 
arbitrariness  to  the  numerical  results,  suchi  a  device  cannot  alter  the 
essential  picture  which  results  from  the  coupling  schemes  which  are 
employed.  When  the  coupling  scheme  breaks  down,  low-lying  states  of  character 
different  from  those  which  we  can  obtain  appear.  Also,  the  limitations 
imposed  by  the  necessity  of  fitting  so  many  of  the  low-energy  properties 
considerably  reduces  this  arbitrariness.  The  main  reasons  for  making  these 
adjustments  are  to  enable  us  to  better  test  the  validity  of  the  methods 
which  are  being  employed  and  to  make  the  results  more  useful. 

In  order  to  try  to  estimate  the  energy  shifts  which  would  be  needed 
to  incorporate  the  spherical  field  part  of  the  short  range  neutron-proton 
force,  we  calculated  the  energy  shifts  for  one  particle  in  all  of  the 
levels  used  in  the  various  regions,  interacting  with  the  particles  of  the 
other  type  by  the  method  described  in  Cpt,  II.  For  the  single  closed 
shell  plus  one  isotope  one  does  obtain  overall  improvement^®,  however,  there 
are  a  number  of  difficulties  which  make  it  impossible  to  apply  the  method 
consistently.  E.g.,  using  a  force  parameter  of  sufficient  strength  to 
account  for  the  l/2  -  3/2  spacing  in  the  Tz  isotopes,  the  change  in  the 
spacing  which  occurs  for  the  Hg  Isotopes  causes  the  gap  to  get  extremely 
small  or  vanish  for  the  protons  *diich  contradicts  the  data;  and  although 
the  changes  in  the  l/2  -  9/2  separation  in  the  In  isotopes  is  in  good 
agreement  with  the  experiments,  the  resulting  values  for  the  P]l/2  “  ®9/2 
spacing  in  the  lighter  isotopes  in  that  region  is  not  satisfactory. 
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On  the  other  hand,  from  these  studies  we  can  see  which  levels  are  most 
strorigly  altered  and  can  try  to  estimate  the  energy  shifts  which  might  be 
reasonable.  The  results  of  the  calculation  mentioned  above  are  not  given. 

We  also  incorporate  the  energy  shifts  which  are  known  to  occur  in 
nuclei;  the  separation  of  all  of  the  C J  vary  as  A~ 


and  in 


-2/3 

adddition  change  with  the  spin-orbit  splitting  dependence  A  '  . 

Having  decided  upon  the  parameters,  the  occupation  numbers  Vj  and  the 
quasi-particle  energies  Ej  are  determined  from  Eqs.  (4).  The  even-  and 
odd-mass  calculations  are  carried  out  independently.  For  the  even-mass 
nuclei  we  determine  the  phonon  energy  u  with  several  choices  of  the 
quadrupole  parameter,  while  for  the  odd-mass  nuclei  we  attempt  to  carry 
out  a  more  nearly  accurate  calculation  by  using  the  experimental  value  of 
the  phonon  energy  and  fit  the  force  strength  from  the  neighboring  even- 
even  nuclei. 


B.  Energy  Levels  of  Even-Even  Nuclei 

Although  most  of  the  calculations  were  performed  using  the  QRPA 

approximation  and  ,a  number  of  preliminary  studies  were 

made  of  the  effect  of  using  different  coupling  constants  and  of  the  relation 

of  the  QRPA  approximation  to  the  adiabatic  approximation.  With  the  exception 
■* 

of  a  few  nuclei,  the  adiabatic  approximation  to  QRPA  is  quite  good  for  the 
calculation  of  the  vibration  of  spherical  nuclei.  Most  of  the  exceptions 
are  among  the  nuclei  with  a  closed  proton  or  neutron  shell  and  thus  a  parti¬ 
cularly  high  energy  for  the  vibrational  level.  A  few  other  cases  occur 
for  nuclei  at  a  sub-shell  such  as  Z  =  40  for  which  the  energy  gap  is 
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particularly  small.  In  the  worst  cases,  the  QRPA  energy  and  B(E2)  can 
differ  from  the  adiabatic  approximation  by  as  much  as  a  factor  of  2.  In  all 
other  cases  the  energy  and  B(E2)  agree  within  a  few  percent  for  the  two 
methods  of  calculation.  This  indicates  that  the  nuclear  vibration  is  indeed 
adiabatic  and  that  it  is  correct  to  picture  the  motion  as  a  vibration  of  the 
nuclear  shape  of  low  enough  frequency  that  the  individual  particle  orbits 
can  follow  the  motion. 


The  same  values  were  used  for  the  proton  and  neutron  long  range  strength 
parameters  X-  ^  and  for  most  of  the  studies,  in  agreement  with  the 
results  found  for  the  single  closed  proton  shell  and  single  closed  neutron 
shell  nuclei.  The  value  of  ‘X'm*  in  relation  to  and  has 

two  main  effects.  Firstly,  a  very  small  value  of  leads  to  two 

low  lying  2+  states  (except  for  the  single  closed  shell  nuclei)  contrary 
to  the  experimental  f- ^t.  Secondly,  its  value  determines  the  2+  energies 
and  B(E2)<s  of  the  nuclei  away  from  closed  shells  as  compared  with  those 
quantities  for  the  closed  shell  or  near  closed  shell  nuclei.  This  is  because 
the  value  of  has  no  effect  on  a  single  closed  shell  nucleus  in  the 

approximation  used  here.  One  might,  for  example,  choose  and 

to  fit  the  2+  energies  of  the  single  closed  shell  cases,  and  then  choose 
so  that  the  nuclei  Just  two  particles  away  from  the  single  closed 
shell  would  have  the  right  energy.  Although  these  latter  24-  levels  are 
much  lower  in  energy  than  the  former,  the  above  procedure  leads  to  a  rather 
small  should  be  en^hasized  that  in  each  region  of  isotopes  only 

a  limited  number  of  proton  (and  neutron)  single  particle  levels  are  corv- 
sidered;  namely  those  of  a  major  shell.  Thus,  for  example,  for  the  nuclei 
below  Sn  the  protons  are  in  the  28  <  Z  $  50  shell  vrtille  for  the  nuclei 
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above  Sn  they  are  in  the  50<  Z5  82  shell.  For  Sh  itself,  the  protons 

do  not  exist  for  the  calculation.  Since  different  numbers  of  levels  are 

used  in  the  different  cases  the  effective  coupling  constant  may  be  a  little 

different  due  to  renormalization  effects.  In  particular  it  may  be  a  little 

extreme  to  eliminate  the  protons  entirely  for  Z  =  50  .  The  effect  of  the 

inclusion  of  the  levels  of  two  shells  has  been  examined  and  found  to 

suggest  the  closed  shells  are  probably  not  completely  inert.  For  example 

the  inclusion  of  the  level  below,  for  protons  and  neutrons  in  the 

28iZi50  shell,  has  quite  noticeable  effects  (softens  the  vibrator), 

particularly  for  the  Ni  isotopes.  In  fact  the  inclusion  of  this  f,^^^  gives 

more  than  Just  a  renormalization  effect,  since  it  changes  the  shape  of  the 

2+-  curve  for  the  Ni  isotopes,  lowering  the  predicted  energy  much  more  for 
56 

Ni'^  than  for  the  heavier  Ni  isotopes.  The  shape  of  this  curve  could  be 
corrected  again  by  bringing  the  neutron  level  more  into  the  picture. 

With  the  single  closed  shell  vibrators  softened  somewhat,  the  previously 
described  prescription  would  give  a  larger  >^np  since  and  %%  could 

be  chosen  smaller. 

While  many  of  the  detailed  variations  of  the  2+  energy  seen  in  a  part¬ 
icular  sequence  of  isotopes  could  be  reproduced  by  a  particular  choice  for 

not  possible,  with  a  single  set  of 

parameters,  to  fit  all  these  details  for  all  the  spherical  nuclei.  However, 
a  reasonably  good  compromise  is  possible.  It  is  found  that  the  choice 
seems  to  give  overall  results  as  good  as  aqy.  This 
choice  together  with  a  Judlciims  choice  of  the  single  particle  energies  and 
pairing  strength  reproduces  the  variation  of  2f  energy  fairly  well. 
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The  exact  values  of  u  near  the  point  at  which  u  becomes  negative 
for  a  particular  isotope  series  is  extremely  sensitive  to  the  value  of  ^ 
because  w  is  increasingly  sensitive  to  for  increasingly  small  u. 

This  can  be  seen  from  the  adiabatic  limit  Eq.  (44) •  For  u  0  , 


(53) 


where  3^®  is  the  value  of  "X--  for  which  u)  =  0.  Thus  it  is  not  sui*prising 

that  while  the  fit  is  reasonable  if  u  is  not  too  small,  for  those  isotopes 

for  which  £2^  is  less  than  about  one  fourth  of  the  pairing  gap,  the  smallest 

change  in  or  isotope  number  can  mean  the  difference  between  £2^  =  l/4* 

gap  and  a  predicted  deformation.  On  the  other  hand  near  mass  number  I50 

2 

the  point  in  the  isotopic  table  at  which  u  becomes  negative  is  such  a 
general  feature  of  nuclear  structure  that  for  any  reasonable  choice  of 
parameters  one  can  only  change  this  point  by  about  one  isotope.  In  order 
to  use  the  model  for  nuclei  as  far  toward  the  deformed  region  as  possible, 
the  value  of  X*  used  in  the  calculation  of  other  properties  was  chosen  to 
fit  the  experimental  3f  level  energy.  Such  a  set  of  X  values  are  plotted 
in  Fig.  1  . 

Nevertheless,  considerable  detailed  agreement  with  experimental  2+ 

energies  is  obtained  with  fixed  X  in  each  region  as  can  be  seen  in  Fig,  2a,  b. 

The  shape  is  right  in  the  Pb  isotopes,  as  observed  in  Ref.  1,  in  addition 

the  lower  energies  are  well  fit  If  not  in  fine  detail  in  Ng  and  Pt. 

Then  for  all  of  the  lighter  nuclei  of  the  so-called  deformed  region  with 

the  exception  of  Os  ,  which  is  Just  on  the  edge  and  can  be  made  to  vibrate 

2 

or  not  with  slight  parameter  adjustments,  the  u  <  0  indicating  a  theoretical 
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deformation.  From  the  other  side,  starting  with  the  good  Sn  results,  the 

decrease  of  the  2+  energy  for  heavier  nuclei  Te,  Xe,  Ba,  etc.,  and  the 

increase  at  N  =  82  is  well  represented  (only  the  most  neutron  deficient 

Xe  and  Ba  isotopes  have  u  <  0).  Above  N  =  82  the  deformation  quiddy 

sets  in  in  agreement  with  experiment  on  energy  level  systematics  as  well  as 

16 

the  photonuclear  experiments  which  show  a  double  dipole  resonance  as  one 

enters  the  deformed  region  near  mass  number  150  .  Presumably  our  result 

that  the  prediction  of  spherical  symmetry  in  the  0  isotopes  is  uncertain 

s 

within  the  range  of  our  parameters  is  in  agreement  with  the  experiments  which 

17 

show  a  gradual  transition  frcxn  spherical  to  deformed  shape  in  the  0  region  . 

8 

The  rapid  drop  of  the  2±  energy  as  one  moves  away  from  closed  shells 

for  nuclei  lighter  than  Sn  is  also  well  represented  with  the  same  parameters. 

2 

However,  these  parameters  lead  to  negative  u  values  for  some  regions 
away  from  closed  shells,  in  which  the  nuclei  do  not  exhibit  the  extremely 
low  values  and  the  clear  cut  rotational  spectra  characteristic  of  the 
rare  earth  nuclei.  In  particular  the  region  of  isotopes  with  N<^42 
325  Zf36  and  the  heavy  isotopes  for  Z  =  /*4,  46  are  predicted  to  be 
deformed.  Although  these  nuclei  do  not  exhibit  rotational  spectra,  they  are 
the  ones  with  lowest  £2^  values  in  the  vicinity,  and  in  several  cases  the 
odd  mass  nuclei  have  low  states  corresponding  to  anomalous  coupling  which 
might  indicate  incipient  deformation.  K.g.  these  are  cases  for  which  the 
simplest  interpretation  of  a  low  7/2+  state  is  that  it  is  a  seniority  three 
configuration  of  (g  essentially  the  configuration  which 

would  be  predicted  by  the  Nilsson  model  and  is  thus  suggestive  of  deformation. 
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Nevertheless,  in  the  rest  of  the  discussion,  the  value  of  u  for  these 
Isotopes  Is  taken  from  experiment  and  the  computations  are  performed  as  if 
the  was  a  vibrational  state  of  a  spherical  nucleus.  "  , 


C.  Energy  Levels  of  Odd-Mass  Nuclei 


In  states  of  one  quasi-particle  with  zero,  one,  and  two  phonons 

si  sj 


(54) 


the  Hamiltonian  (47)  with  the  interaction  term  (45)  is  diagonalized.  Since 
we  are  using  force  parameters  s  >  this  interaction 

has  the  simple  form 

in  which  the  fyj  represent  the  coefficients  in  the  sum  in  Eq.  (47)  and 
K  is  a  quantity  which  only  depends  upon  the  single-particle  energy  levels, 
the  pairing  parameter,  and  the  {^onon  energy.  In  this  work  we  have  used  the 
e^qjerimental  value  for  the  phonon  energy  from  the  neighboring  even-even 
nuclei  for  both  the  unperturbed  energies  and  K  for  each  odd-mass  isotope, 
and  fit  the  value  of  from  experimental  phonon  data.  This  allows  us  to 
proceed  with  the  Important  odd-mass  data  without  the  necessity  of  a  selection 
of  parameters  so  accurate  as  to  fit  the  very  sensitive  phonon  energy,  as  was 
described  above.  Ihe  parameters  used  and  the  results  of  the  calculations  are 
presented  in  figures  and  in  Appendix  II* 
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1.  The  Region  50  i  Z  ^  82;  82  N  S’  126 

This  is  the  region  in  which  there  is  probably  least  uncertainty  in 

207 

the  parameters.  From  the  Pb  isotopes  one  knows  the  neutron  energies  for 
the  82-126  shell  in  the  region  below  Pb  and  from  the  Ti  isotopes  one  has 
quite  a  good  idea  of  the  important  proton  levels.  The  results  for  the  odd- 
mass  Pb  isotopes  are  so  similar  to  Ref.  I  and  the  work  of  Sorensen,  Ref.  l4 
that  we  shall  not  discuss  them. 

Let  us  first  discuss  the  nuclei  above  the  deformed  region.  Figs.  3-7. 

For  the  odd  neutron  nuclei  as  one  proceeds  fron  the  Pb  isotopes  to  the 

deformed  nuclei  at  mass  number  190  one  is  removing  neutrons  from  the 

^5/2*  ^3/2  ^13/2  state  is  dropping  just  as 

in  the  odd  Pb  isotopes.  In  the  Hg  isotopes,  where  the  no-phonon  and  one- 

phonon  states  generally  remain  well  separated  one  can  see  this  effect.  Since 

the  "opposite"  parity  states  in  any  region  are  generally  not  so  strongly 

admixed  by  the  quadrupole  force,  in  Kg  the  mixing  is  still  weak  enough 

for  the  13/2^  quasi-particle  to  move  through  the  one  phonon  state.  Ihe  conw 

parison  with  experiment  shows  good  agreement  for  this  state  and  the  fact 

I  199 

that  one  does  not  see  the  Isomeric  state  after  Hg  is  predicted  by  the 
fact  that  13/2  level  is  moving  into  the  one-phonon  levels  of  higher  spin  for 
Hg  and  Hg  The  other  one  quasi-particle  states  are  affected  by  the  long 

range  force  much  more  than  In  the  Pb  cases,  and  the  results  are  in  reasonable 
agreement  with  the  exjserimental  values.  For  the  Pt  isotopes  the  one-phonon 
states  do  not  fall  quite  as  low  in  energy  as  the  e:q>erlmental  ones,  while  the 
occurrence  of  low  lying  phonon  states  in  the  esqperimental  data  for  the  0 
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isotopes  suggests  that  one  is  in  a  transition  region  where  the  methods 
employed  here  are  beginning  to  be  inadequate. 

The  ^^3/2*  \l/2  ^*’®  Important  ones  for  the  pairing 

part  of  the  odd-proton  calculation,  i'^or  the  T1  and  Au  Isotopes  the  theory 
and  experiments  show  the  phonon  states  separated  from  the  no-phonon  states 
while  the  theoretical  calculation  does  not  seem  to  show  the  no-phonon  state 
being  sufficiently  admixed  into  the  one  quasi-particle  states  for  the  Ir 
isotopes.  An  increase  in  the  strength  of  the  quadrupole  interaction  would 
markedly  improve  the  results  in  the  T1  isotopes,  and  then  in  Au  the  phonon 
states  would  fall  lower,  which  would  be  more  nearly  consistent  with  the 
experimental  data. 

In  order  to  better  describe  the  effects  of  the  quasi-particle-phonon 
interaction  we  show  the  energies  of  the  quasi-particle  states  and  the  states 
which  arise  from  them  in  the  presence  of  the  quadmipole  force  in  fig.  8.  The 
quadrupole  force  has  little  effect  in  the  odd-Pb  isotopes  while  for  the  odd-Hg 
spectra  one  can  see  that  the  phonon  effects  are  large  and  very  much  improve 
the  agreement  with  experiment,  since  the  ^  state  is  lowered  with  respect  to 

the  3/2“  and  5/2“  states.  In  fact  a  moderate  increase  in  the  quadrupole  strength 
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would  make  1/2"  be  the  ground  state  in  Hg  ^  and  Hg  ,  and  perhaps  in  Hg  • 

One  also  sees  here  an  effect  which  seems  to  be  present  in  all  of  the 
spherical  nuclei,  that  of  the  compressing  of  the  quasi-particle  states  due  to 
the  stronger  interaction  of  the  higher-lying  quasi-particles  with  the  phonons 
(see  Eq.  (A7)).  This  is  an  Important  systematic  feature  of  our  coupling 
scheme  which  seems  to  be  verified  by  the  empirical  data. 

There  is  not  much  data  below  the  deformed  nuclei  for  this  region,  and 
one  expects  our  methods  to  give  rather  inaccurate  results  for  cases  with 
even  a  few  neutrons  added  to  the  82  neutron  shell  because  of  the  approaching 
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deformed  region.  'Hie  only  eystenvatic  data  concerns  the  odd  proton  nuclei 
shown  in  Fig.  17  in  which  one  sees  the  7/2  and  5/2  states  with  relative 
motion  due  to  both  the  change  of  the  quasi-particle  energies  as  one  adds 
protons,  and  the  effect  of  the  quadrupole  force.  However,  the  density  of 
states  docs  not  seem  to  be  in  agreement  even  as  the  phonon  states  begin  to  fall 
low  in  energy  as  one  can  see  in  Figs.  13  ana  17. 


2.  The  Region  50  <  Z  5  82;  50  i  N  ^  82 


In  this  region  the  protons  are  being  placed  into  the  ^12 
levels  and  the  neutrons  into  the  °l/2*  *^3/2 

figs.  9  -  17)«  In  so  far  as  the  neutron-proton  effective  shifts  can  be 
neglected,  the  two  important  proton  levels  are  accurately  known  from  the  N  =  82 
isotopes.  Referring  to  Fig,  H,  one  sees  that  the  Sb  energy  levels  give  clear 
indication  that  in  fact  the  relative  motion  of  these  levels  occurs  more  rapid¬ 
ly  with  changing  neutron  number  than  can  be  accounted  for  by  the  phonon  inter¬ 
action  of  the  strength  used  here.  In  Fig,  I4  the  calculation  is  shown  with 
dashed  lines  Including  the  energy  shifts  due  to  a  delta-interaction  between 
the  single  proton  in  Sb  and  neutrons.  Of  course  this  effect  is  smaller 
for  the  other  odd-proton  Isotopes,  since  one  is  approaching  the  N  =  82 
shell  closing. 

A  very  interesting  phenomenon  which  is  occurring  in  the  odd-proton 
isotopes  is  the  important  role  of  one  particular  state.  Both  in  the  theoretical 
calculations  and  in  the  e^qjeriments  one  can  see  a  spin  l/2  state  moving  quite 
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rapidly  with  respect  to  the  other  states.  Figs.  14-16,  and  even  becoming  the 
129 

ground  state  in  Cs  *  This  state  is  mainly  of  phonon  character  according  to 
the  theoretical  calculations.  It  would  be  very  nice  if  one  could  obtain 
some  information  about  the  transition  rates  for  this  state,  since  we  would 
predict  that  E2  transitions  to  say  the  5/2  state  would  be  highly  enhanced. 

The  odd-neutron  isotopes  are  also  quite  interesting,  with  very  good 

systematic  data.  The  Sn  results  differ  from  the  results  in  Ref.  I  mainly  in 

that  is  was  found  that  a  different  ordering  of  the  single-particle  levels  could 

account  for  the  systematica  of  the  first  excited  states  in  the  even  Sn 

isotopes  and  give  much  better  fits  away  from  the  closed  proton  shell.  The 

positions  of  the  1/2,  3/2,  and  ll/2  states  are  fit  adequately  in  the  Te, 

Xe,  and  light  Ba  isotopes.  However,  as  one  approaches  the  case  of  one 
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particle  away  from  the  closed  shell  at  Ba  ,  Ce  and  Nd  ^  there  are 
errors  either  in  handling  the  effect  of  the  quadrupole  force  or  of  the 
neglected  neutron  proton  force.  Because  of  the  special  nature  of  a  calculation 
with  one  particle  away  from  the  closed  shell  the  phonon  calculation  might  be 
particularly  inaccurate  for  those  cases.  As  for  the  neutron-proton  interaction, 
because  of  the  dependence  upon  the  occupation  numbers  of  the  states  (see  £q. 
(15))  and  the  sudden  decrease  in  the  pairing  effects  as  one  reaches  one 
particle  outside  of  a  closed  shell  there  might  occur  a  marked  difference 
in  the  shifts  in  the  ^  and  ^  ^  separations  as  one  goes  from  79  to 

81  particles. 

In  Fig.  18  and  19  are  shown  the  effects  of  the  quadrupole  inter¬ 
action  on  the  quasi-particles  for  the  odd-proton  and  odd-neutron  isotopes, 
respectively.  For  the  odd-proton  cases  in  the  absence  of  the  quadrupole  force 
one  would  have  only  the  7/2  and  5/2  low-lying  levels.  First  one  sees  that 
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the  relative  motion  of  the  experimental  5/2  and  7/2  levels  in  I,  Cs,  La  and 
Pr  is  much  larger  than  could  be  explained  by  the  motion  of  the  Fermi  level. 
Also,  the  neutron-proton  short  range  interaction  gives  very  small  contri¬ 
butions  since  one  is  near  the  82  closed  shell  at  which  the  energy  levels 
have  been  determined.  The  quadrupole  force  thus  not  only  brings  down  the 
1/2  state  and  other  one-phonon  states,  but  semi-quantitatively  accounts  for 
the  5/2  -  7/2  relative  motion. 

If  Fig,  19  one  can  see  that  there  are  large  effects  of  the  quad¬ 
rupole  force  which  generally  give  important  improvements  when  compared  to  the 
quasi-particle  levels.  The  main  effects  are  to  keep  the  l/2  level  as  the 
ground  or  low-lying  level  for  high  neutron  numbers  to  give  consistency  to 
the  spectra  of  Sn,  Te,  Xe,  and  Ba.  It  also  tends  to  lower  the  3/2  state, 
keeping  the  ll/2  level  from  being  the  ground  state  or  very  low-lying  state 
in  all  of  the  isotopes  with  Ni69,  In  the  light  Sn  isotopes  one  sees  that 
the  relative  shifts  in  the  1/2  -  7/2  levels  go  in  the  wrong  direction  making 
the  fit  a  little  poorer,  although  the  energy  shifts  involved  are  only  0,1  to 
0,2  Mev,  From  all  of  the  evidence  we  can  gather  it  seems  that  the  general 
description  and  approximations  used  in  this  work  are  adequate  for  all  of  the 
isotopes  in  this  region. 


3,  The  Region  28^  2  £  50;  50  £  N  £.82 


For  the  odd  proton  isotopes  in  this  region,  the  ®9/2 

levels  are  mainly  involved.  Figs,  20  -  23,  Because  of  the  great  difference  in 
the  radial  wave  functions  of  these  two  states,  their  overlap  integrals  with 
the  Sy^2  *^5/2  very  different.  For  this  reason  one  can  e^qpect 
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these  levels  to  effectively  change  their  relative  spacings  as  one  changes  the 
neutron  number.  In  the  calculation  there  is  included  a  shift  of  the  S^y2 
level  of  0.1  Mev  per  neutron  to  account  for  this  effect. 

For  the  Tc,  Rh,  and  Ag  isotopes  it  seems  aljiiost  certain  that  our 
coupling  scheme  is  breaking  down,  'llie  occurrence  of  the  low-lying  7/2  and 
perhaps  5/2  positive  parity  states  would  have  to  be  explained  in  our  method  by 
a  coupling  of  the  si-particle  to  the  phonon.  However,  we  are  never 

able  to  bring  that  level  nearly  as  low  as  required,  and  do  not  seem  to  have 
a  mechanism  for  causing  such  rapid  changes  in  these  levels  as  do  occur  for  the 
spin  1/2  states.  If  we  would  include  the  three  quasi-particle  states  there 
would  probably  be  introduced  important  corrections.  In  fact  this  would  be 
analogous  to  the  type  of  calculation  done  for  the  configuration  > 

which  has  been  used  by  Talmi  for  calculations  which  do  have  a  7/2  state  ,  but 
it  is  not  clear  that  such  a  modification  would  be  adequate  to  handle  this 
situation.  One  should  note  that  the  even-even  isotopes  in  this  region  show 
great  instability  for  the  spherical  shape, 

A  similar  situation  seems  to  be  present  in  the  odd-neutron  isotopes, 
Fig.s  24  -  27,  where  for  the  Ru  and  Pd  isotopes  there  is  obviously  a 
strong  admixing  of  phonon  states  in  the  low  excited  states.  However,  in 
these  cases  it  is  not  so  clear  that  the  coupling  scheme  is  inadeuate,  although 
there  is  a  tendency  for  the  phonon  states  to  remain  too  high  to  account  for 
the  density  of  love-lying  states. 

4.  The  Region  28  <  Z  S  50;  28  i  N  5  50 

In  this  region  the  protons  and  neutrons  begin  to  have  a  large 
probability  of  being  in  the  same  J-levels,  so  that  one  can  e:!q}ect  the 
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neutrorv-proton  short  range  Interaction,  which  has  been  neglected  except  for 
its  field  producing  parts,  to  become  very  important.  Moreover,  the  inclusion 
of  the  ^y/2  calculation  of  the  energy  of  the  2:^  state  con¬ 

siderably  alters  the  relative  positions  of  the  2*  states  in  the  even-even 
Ni  isotopes  and  indicates  that  at  least  for  the  lighter  isotopes  in  this  region 
the  frj^2  particles  must  be  included  —  which  makes  the  neutron-proton  short 
range  force  important  even  for  such  isotopes  as  Ni  and  Cu.  In  fact,  the 
level  spectra  in  this  range  cannot  be  understood  in  terms  of  the  coupling 
scheme  used  in  this  work. 

In  the  odd-proton  isotopes  shown  in  Figs.  28  and  29  this  is  most 
evident  in  the  As  and  Br  isotopes  for  which  the  neutrons  are  filling  the 
g^y2  levels.  Here  one  see*  many  low-lying  levels  which  originate  from  the 
phonon  states  and  other  states  of  higher  seniority.  We  can  understand  a 
little  of  this  in  our  coupling  scheme,  such  as  the  low-lying  9/2^  state  in  Br 
ih  spite  of  the  9/2^  quasi-particle  being  at  1,5  Mev,  but  since  a  number  of  the 
levels  apparently  originate  from  the  seniority  three  states  we  cannot  hope 
to  account  for  them  (see  Cpt.  II). 

One  sees  similar  results  in  the  odd-neutron  isotopes.  Figs.  30, 

31  and  32,  Once  again  the  9/2^  state  can  be  lowered  by  the  quadrupole  inter¬ 
action  while  the  7/2^  state  is  not  much  affected,  Just  as  in  the  cases  of 
the  odd-protons  filling  the  ^®^®^®  discussed  in  the  preceding  section. 

Near  N  =  50  and  to  a  lesser  extent  near  Z  or  N  =»  40,  the  vibrations 
stiffen  and  the  picture  once  again  simplifies  approximately  into  the  quasi- 
particles.  It  should  be  pointed  out  that  because  of  the  obvious  inadequac¬ 
ies  of  the  model  there  was  no  atten^t  to  obtain  the  best  parameters  in  this 
region  and  only  a  few  sample  calculations  were  tried.  It  seems  clear  that 
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both  a  better  treatment  of  the  phonon-quasi-particle  coupling  and  the  intro¬ 
duction  of  the  neutron-proton  short-range  will,  be  needed  for  a  semi-quantita¬ 
tive  treatment  of  this  region. 


D.  Energy  Levels  of  Odd-Odd  Nuclei 

Owing  to  the  large  number  of  low  lying  levels,  both  theoretical 
and  experimental,  in  odd-odd  nuclei,  it  would  be  difficult  to  use  the  energy 
level  systematic s  to  help  determine  the  parameters  of  the  theory.  However, 
the  odd-odd  levels  can  be  shown  to  be  consistent  with  the  theory  parameters 
determined  from  other  data  (particularly  the  odd-mass  level  energies).  All 
the  levels  of  odd-odd  spherical  nuclei  of  known  spin  and  parity  may  be  de¬ 
scribed  consistently  as  a  state  of  the  lowest  (or  other  low)  Proton  quasi¬ 
particle  coupled  with  the  lowest  (or  other  low)  neutron  quasi-particle, 
llie  effect  of  a  coupling  of  the  quasi-particles  to  a  phonon  vibrator  is 
suggested  in  a  few  cases  to  be  discussed  below,  and  the  coupling  force  between 
the  two  quasi-particles  (which  we  shall  not  discuss  here)  shows  itself  in  the 
fact  that  only  one  or  two  of  the  angular  momentum  states  arising  from  the 
proton-neutron  quasi-particle  pair  are  seen  in  the  low  energy  spectra,  (No 
coupling  force  would  imply  a  degerate  multiplet  of  levels  which  is  not  seen 
experimentally) . 

Since  the  quasi-particle  energies  correspond  to  the  odd-mass  low  energy 
spectra,  and  since  the  parameters  were  chosen  to  agree  (as  well  as  possible) 
with  the  experimental  odd-mass  spectra,  the  above  description  of  the  odd-odd 
states  means  that  these  states  are  made  up  of  the  angular  momenta  appearing 
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near  the  ground  state  In  the  adjacent  odd  mass  nuclei  This  description 

20 

is  used  by  Brennan  and  Bernstein  who  in  addition  deduce  coupling  rules.  In 
general  we  agree  with  their  assignment  of  the  P-N  configuration  (P-N  quasi¬ 
particles  in  our  case),  however  we  will  note  a  few  exceptions. 

For  P  <  28  N  >  28  all  the  odd-odd  levels  of  known  spin  and  parity  can 
bo  fit  with  an  fi^^g  proton  quasi-particle  and  a  ^5/2  quasi¬ 

particle.  For  P>  28  but  N  <  42  there  are  three  cases  for  which  Brennan 

and  Bernstein  make  the  P,N  assignments  p^^g  »  ^5/2  ^ 
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2^Cu^y  and  a  more  likely  assignment  would  be  ^i/2  ^ 

decay  <>*■)  rates  have  log  ft  values  of  about  5*2  (see  the  section 

on  p  decay  of  even-mass  nuclei).  In  the  neighboring  odd  mass  nuclei  the  0 
decay  rate  is  known  for  six  proton  -Pyi2>  neutron  "^5/2  transitions  and  the 
log  ft  values  range  from  5.7  to  7.4.  We  agree  with  their  assignment  for 
35^^41  '^hlch  the  log  ft  of  8.4  suggests  that  it  is  ^  forbidden.  It  is 
a  bit  siu^rlslng  to  find  the  ^^^2  quasi-particle  so  low  for  N  ■■  41. 

For  42  <  N  <  50  many  of  the  levels  have  an  X  »  1  proton  and  a  g^^g  neutron. 
There  are,  however,  four  cases  with  N  43,  45  where  a  1+  level  has  a  fast 
0  decay  (log  f t  ^  4.6)  to  the  adjacent  Of  ground  state.  This  must  have 
the  P2/2  coupled  to  the  Pj^^2  *'®'^^ron.  For  n  =  43,  45  the  8^^2 

neutron  quasi-particle  lies  ^  0.2,  0.6  Mev  below  the  P-^i2  quasi-particle^  but 
the  particularly  strong  coupling  of  the  p^^^  quasi-particle  to  the  phonon 
vibrator  lowers  the  P^^2  ^®v®^  ^®  energy  comparable  with  the  £^^2  ®>^®’^* 

For  P  <  50,  N  >  50  the  positive  parity  levels  are  explained  as  a  g^y^ 
proton  and  a  g^y^  ®^  ^®>^®  ^  number  of  negative  parity 

states  explained  as  P-^i2  pz'utons  with  a  d^y2  neutron.  Such  levels  occur  e.g. 
for  Z  "  45  where  once  again  the  phonon  coupling  is  important  in  bringing  down 
the  p^y2  proton  level  enough  to  compete  with  the  g^y2  proton  level.  Brennan 
and  Bernstein  assign  P  *•  (g  9/2^}y^2*  ^  *^5/2  ^ 


region.  All  of  these  have  fast  0  transitions  to  the  neighboring  ground 
state  Ot  the  average  log  ft  =  4*7.  iliis  would  suggest  P  ~  £9/2  ~  ®7/2 

to  be  more  reasonable.  Brennan  and  Bernsteins*  assignment  comes  from  the 
neighboring  odd  mass  ground  states  which  are  in  some  cases  7/2+  and  5/2+. 

The  B  decays  between  these  levels  are  seen  in  several  cases  and  have  in 
general  ft  values  an  order  of  magnitude  or  two  higher  than  the  1+  -  Of  ft's. 
This  argument  is  weakened  somewhat  by  the  occurrence  of  two  fairly  fast 

7/2+  -  5/2+  B  decays  in  this  region  with  log  ft  5.0. 

For  Z  >  50  N  <  82  all  the  odd-odd  levels  of  known  spin  may  be 

obtained  from  a  d^^2  £7/2  quasi-particle  coupled  with  a 

^■^12  ^11/2  these  states  could  be  composed  with  the  l/2+ 

protron  state  which  is  often  low-lying  in  this  region.  For  N  >  82  up  to 
the  deformed  region,  the  neutrons  move  In  the  ^7/2  ^® 

odd-odd  nuclei  with  186  A  ^ 206  have  mostly  negative  pariuy  levels  which 
can  be  explained  amon('  other  possibilities  as  an  ^-^^^2  ^13/2 

neutron.  The  few  positive  parity  levels  for  A  >  200  can  be  formed  from  an 
hii/2  proton  and  an  ^5/2 

It  is  seen  that  no  difficulties  arise  in  describing  odd-odd  nuclei  on 


the  quasi^-particle  basis,  but  to  use  the  theory  to  predict  level  positions 
quantitatively,  it  would  be  necessary  to  include  accurately  residual  inter¬ 
actions  that  have  not  been  considered  here. 


48 


IV.  ODD-EVEN  MASS  DIFFEKENCE 


There  is  now  available  a  large  bod|y  of  data  on  nuclear  masses  of 

sufficient  accuracy  that  it  may  be  possible  to  see  finer  details  of  shell 

and  interaction  effects.  Ihe  pairing  force  acting  between  pairs  of  protons 

and  between  pairs  of  neutrons  produces  the  types  of  odd-even  mass  difference 
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which  are  observed  ejqDerimentally  ’  .  We  define  three  odd-even  mass  differ¬ 

ences 


Pp  (Z,N)  »  E(Z-1,N)  +  E(Z  +  1,N)  -  2E(Z,N) 


(56) 


Pn  (Z,N) 


E(Z,N-1)  +  E(Z,N  +  1)  -  2E(Z,N) 


(57) 


P^p(Z,N)  -  E(Z  +  1,  N  -  1)  +  E(Z  -  1,  N  +  1)  -  2E(Z,N)  (58) 

where  in  (56)  Z  is  odd,  N  even;  in  (57)  Z  is  even,  N  odd;  and  in  (58) 
both  N  and  Z  are  odd  integers.  E(Z,N)  is  the  binding  energy  of  the 
Z,N  nucleus.  Aside  from  the  effect  of  the  long  range  part  of  the  force, 
which  we  ignore,  these  mass  differences  are  simply  related  to  the  quasi- 
particle  energies.  compares  an  odd  Z  nucleus  to  the  adjacent  even-even 
nuclei  and  should  thus  Just  be  equal  to  2Ep,  twice  the  energy  of  the  ground 
state  proton  quasi-particle.  Similarly  Pjg  •»  2Ej^  and  Pj^p  “  2E|j  +  2Ep  where 
£  represents  in  each  case  the  ground  state  quasi-particle  energy. 

To  test  the  agreement  between  the  theoretical  E's  and  the  e:cperimental 
P's  v/e  plot  all  the  experlmentfj.  data  for  Pp(Z,N)  with  Z  as  the  abscissa, 
see  Fig.  33*  On  this  same  graph  the  heavy  line  is  2£p(Z).  Actually  £p 
depends  on  N  as  well  as  Z,  but  to  make  the  plot  readable  we  simply  average  over 
this  small  N  dependence  for  each  Z  vcdue.  Similarly  on  an  N  scale  we  plot 


all  Pjj(Z,N)  data  against  2E|j(N)  averaging  over  the  small  Z  dependence 
of  the  theoretical  energy,  see  Figure  34.  — le  theoretical  curve  shows 

considerable  structure  including  a  sharp  dip  at  N  =  50,82,126  and  a  less  marked 
one  at  N  =  40.  EacI  of  these  features  is  also  seen  in  the  data  although 
there  is  considerable  scatter  of  the  points.  Also  the  overall  trend  as  a  func¬ 
tion  of  N  is  well  represented  by  this  choice  of  parameters.  The  theoretical 
Ep  curve  has  less  noticeable  structure  showing  a  little  dip  at  Z  =  50  and 
otherwise  being  a  decreasing  function  of  Z  to  Z  =  82,  The  e3q)erimental 
points  show  a  large  scatter  with  little  structure.  A  general  decrease  in 
Pp  is  only  seen  in  that  the  points  above  the  deformed  region  65  Z  <  75 
are  lower  than  those  below. 

The  quantity  2Ep  +  depends  equally  strongly  on  Z  and  N.  To 
show  any  possible  structure  of  the  data  without  resorting  to  a  two  dimensional 
plot  we  produce  all  the  Ppj^  data  on  each  of  two  plots  once  against  Z  and 
once  against  N  as  the  abscissa  (see  Figures  35,  36).  As  the  scatter  of 
the  data  does  not  seem  to  justify  a  more  detailed  comparison  the  plots  are 
compared  to  the  theoretical  curves  averaged  on  N  and  Z  respectively  for 
the  two  plots.  The  main  structure  noticeable  in  the  theoretical  curves, 
the  dip  at  Z  =  40,  N  =  50,  shows  up  ewn  more  strongly  in  the  experimental 
points.  The  lowest  points  are  for  Z  =  39  where  the  isolated  p  l/2  level 
is  filling  giving  a  small  effective  degeneracy  and  thus  a  small  energy  gap, 
while  the  Z  =  41  points  are  higher.  This  effect  is  also  observed  in  P^. 

The  smaller  dip  at  N  =  82  can  also  be  seen  in  the  data  and  the  rapid  drop 
as  N  approaches  126  is  also  reflected  in  the  data.  For  Z>45,  N  >  60  the 
magnitude  of  the  theoretical  curves  and  experimental  points  agree  well,  but 
for  the  lighter  nuclei,  while  the  theoretical  curves  rise  higher,  the  e;q)eri- 
mental  points  have  a  constant  average  magnitude  from  A  'v  50  to  A  130, 
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This  is  irt  opposition  to  the  P^j  data  which  shows  a  steady  rise  with  decreas¬ 
ing  A  in  this  region  in  agreement  with  the  theoretical  curves.  Although 
there  are  some  discrepancies,  it  is  seen  that  the  pairing  force  model  can 
account  for  shell  and  sub-shell  effects  in  the  even-odd  mass  differences  in 
some  detail.  It  is  clear  that  forces  other  than  the  pairing  force  must  be 
included  to  account  for  the  large  fluctuations. 


V.  MAGNETIC  DIPOLE  MOMENTS 
A.  Magnetic  Dipole  Moments  of  Odd  Mass  Nuclei 

The  magnetic  dipole  moments  have  played  an  important  role  in  the  shell 

model  since  its  earliest  beginnings,  and  from  them  wo  have  been  able  to 

derive  important  properties  both  of  the  nuclear  coupling  scheme  and  the 

nuclear  forces.  From  the  observation  that  in  many  instances  the  experimental 

values  of  these  static  moments  for  odd  mass  nuclei  tend  to  be  associated 

with  the  value  one  would  expect  with  a  single  particle  in  a  level  with  the 

spin  and  orbital  angular  momentum  of  the  state,  one  can  conclude  that  the 

coupling  scheme  must  be  similar  to  that  suggested  by  Mayer  and  Jensen 

("simple  seniority)  for  these  regions  .  In  other  regions  they  provide 

evidence  for  the  deformation  and  offer  some  quantitative  information  about 

23 

the  collective  properties  of  the  states  .  For  the  spherical  nuclei  we  attempt 
a  detailed  study  to  try  to  derive  in  terms  of  particle  coordinates  both  the 
important  particle  and  collective  effects  involved  in  producing  deviations 
of  these  moments  from  the  single-particle  values. 
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1,  Quasi-l-’article  and  Collective  Contributions 


The  operator  for  the  magnetic  dipole  moment  in  the  quasi-particle 


representation  i 


iw 


t  A  i '»* 

(59) 


in  terms  of  the  single  particle  operator 


wit)i 


=  5a585  (-3»826)  and  g  1(0)  for  protons  (neutrons).  The  operators 
and  are  the  quasi-particle  scattering  and  double  creation 

operators,  respectively,  of  rank  one.  (  See  Cpt.  II  and  Appendix  I) 

This  operator  must  be  evaluated  in  the  states  of  one  quasi-particle 
with  various  numbers  of  phonons 

.t...  _j 
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(54) 


which  have  been  discussed  in  Cpt,  II.  It  is  clear  that  the  Tt  and  parts 
of  the  magnetic  moment  operator  are  of  entirely  different  character,  since 
the  TV  operators  do  not  change  the  number  of  quasi-particles,  while  the 
other  terms  create  or  destroy  two  quasi-particles.  Although  the  A^  terms 
are  almost  entirely  responsible  for  the  ^^l  transitions  between  the  collective 
states,  and  are  treated  in  Cpt.  VII,  they  play  a  very  minor  part  in  the 
calculation  of  the  magnetic  dipole  moments,  and  are  neglected  here.  The  T\. 
terms  contribute  both  from  the  quasi-particle  and  the  phonon  parts  of  the 
wave  functions.  It  is  convenient  to  approxinately  separate  this  operator 
into  two  parts,  one  of  which  operates  only  on  quasi-particlef and  the  other 
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on  phonons. 

'>'j  (60) 

=  ^l-h  ^rRi  , 

with 

[<%,  s']  =0  , 

and 

[R,c6^I  =  ®. 

This  Is  possible  because  of  the  adiabatic  character  of  the  vibrational  states, 
which  enables  quasi-particles  to  be  distinguished  from  phonons  to  a  good 
approximation  as  long  as  the  first  vibrational  level  is  well  into  the  gap. 

The  operator  appearing  in  Bq.  (60)  is  the  collective  angular  momentuni 
operator,  which  is  diagonal  in  phonon  number  and  has  diagonal  matrix  elements 
in  states  1  and  [flCy 

which  are  given  in  Appendix  111^  Eqs.  C(l),  C(2),  and  C(3).  In  Section  B 
the  phonon  g-factor,  g^^,  is  derived,  and  the  results  of  systematic  ealcula- 
tions  are  presented,  but  in  the  calculation  of  the  odd-mass  nuclei  we  use 
gj^  -  Z/A,  since  the  results  are  insensitive  to  this  value. 

The  only  noi^zero  matrix  elements  of  the  particle  part  of  the  magnetic 
moment  operator,  ,  defined  by  Eq.  (60)  are  for  state^of  no  phonon 

diagonal  in  the  quasi-particles,  states  of  one  phonon  diagonal  in  the  quasl.- 
particles  or  with  quasi-particle  spin-orbit  pairs,  and  states  of  two  phonons 
diagonal  in  the  quasi-particles  or  with  quasi-particle  spin-orbit  pairs. 


(6la) 


(61b) 
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From  Ef:i.  C(3)  one  can  see  that  the  weak  coupling  limit  for  the  magnetic 
dipole  moment  is  just  the  single  particle  (Schmidt)  value,  M14  > 
and  the  only  deviations  from  the  shell  model  results  are  produced  by  the 
collective  effects  in  this  approxunation.  In  Ref.  1  the  coefficients 
were  determined  in  perturbation  theory  and  we  shall  not  repeat  those  results 
here.  In  this  work  we  determine  these  coefficients  by  the  method  derived  in 
Cpt.  II.  However,  the  qualitative  conclusions  of  Ref.  I  are  unchanged,  i.e., 
that  the  phonons  themselves  do  hot  contribute  very  much  to  these  moments, 
but  that  the  major  effect  is  due  to  the  admixture  of  other  quasi-particlesj 
and  that  the  predicted  deviations  from  the  single-particle  values  are  much 
too  small  to  account  for  the  experimental  results, 

2.  Higher  Seniority  Contributions 

In  the  spherical  region,  the  major  cause  for  the  deviation  of  the  odd-mass 

magnetic  dipole  moments  from  the  single-particle  values  for  one  shell  model 

configuration  is  the  admixture  of  small  amounts  of  other  configurations  of 

25  26 

higher  seniority,  as  Blin-Stoyle^  and  Arima  and  Horie  have  demonstrated. 
Although  the  wave  functions  (54)  deviate  strongly  from  pure  seniority  one, 
neither  the  pairing  nor  the  quadrupole  force  can  account  for  these  particular 
types  of  configuration  admistures.  For  this  reason  we  calculate  the  additional 
contributions  which  arise  frcmi  a  S  -function  interaction  in  the  manner 
described  in  Ref.  I. 

Systematic  calculations  of  this  effect  have  been  carried  out  by  Freed 
27 

and  Kisslinger  .  V/e  now  sketch  the  manner  of  calculation.  From  the  quasi- 
particle  states  are  projected  states  of  the  proper  niunber  of  particles 
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in  which  n^(  n  )  is  the  number  particles  of  the  even  (odd)  type.  Ihe 

•'"a 

other  notation  is  that  of  Ref.  27.  The  n^  are  even,  p  is  odd,  (o) 

p 

indicates  the  seniority  zero  state  of  n^  particles  in  the  level,  and  j  (j) 
is  the  seniority  one  state  of  particles  in. the  j-level.  The  admixture  co¬ 
efficients  a^®^  and  a^^^  are  given  by 


i 


•S 


(63) 


The  subscript  c  stands  for  a  configuration  n^,  n^,  •••  for  the  evens 

or  n^^,  n2 - p  for  the  odds.  With  the  S  -function  interaction  between 

all  particles  which  was  the  same  used  by  Arima  and  Horie,  =  g 
to  each  of  the  even  and  odd  configurations  in  Eq.  (62)  are  admixed  configurations 
of  seniority  two  or  three,  respectively,  which  are  important  for  the  magnetic 
moments.  These  are  configuration  admixtures  in  which  particles  in  spin  orbit 
doublets  are  coupled  to  angular  momentum  unity,  the  rank  of  the  dipole  moment 
operator.  Since  this  is  discussed  in  detail  for  pure  configurations  in  Ref. 

26,  we  do  not  give  those  results  here. 
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As  a  result  of  these  configuration  admixtures,  the  magnetic  moment  of  a 
quasi-par-ticle  of  orbital  angular  momentum  X  and  angular  momentum  j  is 
altered  from  to 

(fl) 


to) 
e  , 


t¥fMO 


(64) 


In  Eq.  (64),  the  sums  run  over  the  configurations  with  even  and  odd  numbers 
of  particles.  The  procedure  for  calculating  the  changes  in  the  magnetic 
moments  due  to  the  admixtures  to  the  even  and  odd  types  of  configurations, 

^Mg  and  hr*t  t  respectively,  is  exactly  the  same  as  that 

described  in  Ref.  27  except  that  in  the  present  work  harmonic  oscillator  wave 
functions  are  used  for  the  radial  integrals  hi  -  i)  f;  Rut 

The  third  column  of  Tables  1,  II  lists  these  quasi-particle  moments  for  various 
states  in  the  spherical  nuclei  with  the  same  parameters  for  the  pairing  force 
and  the  single  particle  energy  levels  as  are  used  to  obtain  the  energy  system¬ 
atica  discussed  in  Cpt.  III. 

Having  calculated  these  quasi-particle  moments,  one  simply  combines  these 
results  with  those  of  the  previous  part  to  obtain  the  magnetic  dipole  moment 
of  an  odd-mass  nucleus.  Separating  the  contribution  from  the  zero-,  one-  , 
and  two-  phonon  parts  of  the  wave  function,  the  final  result  is 


(65) 


with 
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and 
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3.  Results  and  Discussion 

28 

In  Tables  I  and  II  are  listed  the  experimental  and  theoretical  results 
for  the  odd-proton  and  odd-neutron  magnetic  dipole  moments,  respectively,  in 
units  of  nuclear  magnetons.  Following  Ref.  26,  we  use  harmonic  oscillator 
wave  functions  and  take  the  quantity  V  1  as  a  dimensionless  radial  integral 
•  C  A  '  >  which  C  is  a  constant.  The  value  of  C  =  50  Mev  is 

used  for  all  of  the  calculations.  One  can  gain  some  systematic  improvement 
in  the  fitting  of  the  data  with  same  variation  in  the  magnitude  of  the  force 
in  the  various  regions,  as  is  discussed  below.  Also,  in  Appendix  II  we 
include  sufficient  information  about  the  states  to  make  possible  a  rapid 
calculation  of  special  cases  with  different  values  of  the  parameter,  if  this 
is  desired.  In  the  tables  the  ground  state  is  starred  when  known  (colximn  two), 
the  fifth  colimm  lists  the  contribution  from  the  no  phonon  component 
At»- (Qoo)  ^  ,  and  the  other  columns  are  defined  in  Eqs.  C4 

and  (65-67). 

For  the  most  part  the  largest  portion  of  the  dipole  moments  arise  from 
the  quasi -particle  with  no  phonon,  with  the  higher  seniority  corrections  play¬ 
ing  an  important  role.  Therefore  this  aspect  of  the  calculation  is  an  average 
over  the  results  using  pure  configurations,  with  the  averaging  determined  by 
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the  pairing  force.  One  can  see  that  the  two  phonon  contributions  are  almost 
always  quite  small.  Although  the  one  phonon  contributions  are  frequently  large 
this  is  usually  due  to  the  quasi-particles  which  are  admijced  with  the  phonon 
rather  than  the  phonon  itself.  To  make  this  quantitative,  as  well  as  to  make 
additional  calculations  easier,  we  have  also  given  the  results  with  the  phonon 

factor  equal  to  zero  —  thereby  keeping  the  contributions  of  the  acknixed 
quasi-particles  but  neglecting  that  of  the  phonon  itself.  In  very  fev/  cases 
are  the  results  changed  very  much  and  there  is  not  sufficient  systematic  depend¬ 
ence  upon  the  value  of  this  collective  g-factor  to  try  to  estimate  its  magni¬ 
tude  from  the  odd-mass  data. 

For  the  odd-proton  nuclei  the  theoretical  results  are  in  good  agreement 
with  the  experimental  data.  The  main  errors  seem  to  come  from  the  treatment 
of  the  admixtures  due  to  the  9  -force.  One  can  see  that  for  the  T1  ground 
states,  in  which  the  phonon  admixtures  are  negligible,  a  decrease  in  the 
force  strength  C  of  some  30^  is  needed  to  increase  the  theoretical  values  to 
about  1,6  nm.  Hov/ever,  for  the  3/2  states  in  Au  and  Ir  it  might  be  difficult 
to  fit  the  experimental  values  unless  the  admixtures  introduced  by  the  long 
range  force  are  altered,  for  although  a  decrease  in  C  reduces  the  magnitude 
of  the  magnetic  moment  of  the  3/2  quasi-particle  it  increases  those  of  the 
1/2  and  5/2  quasi-particles,  which  are  admixed  by  the  phonons. 

There  is  also  a  large  inaccuracy  in  the  calculated  value  of  the  l/2  ground 
129 

states  in  Cs  .  This  is  not  unexpected  since  this  is  the  rather  unusual  state 
arising  in  the  zeroth  order  from  the  5/2  quasi-particle  coupled  to  one  phonon 
and  is  therefore  especially  sensitive  to  the  parameters  (see  Cpt.  III).  In 
fact  one  can  see  that  only  a  moderate  increase  in  the  admixture  of  the  ^/2 
quasi-particle  and  one  phonon  component  of  the  state  would  be  needed  to  increase 
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the  theoretical  value  to  1.4  nrn,  since  the  5/2  quasi-particle  has  the  largest 
moment  of  3.61  nm  for  this  isotope. 

The  results  for  the  l/2-sta,te3  are  of  special  interest.  Although  the 

configuration  mixing  due  to  a  i -function  force  is  unable  to  alter  these  moments 

from  the  single-particle  values,  which  is  an  important  argument  for  the  validity 

of  these  methods  since  the  experimental  values  are  also  close  to  the  single- 
24 

particle  values  the  configuration  mixing  due  to  the  phonons  is  able  to 
accomplish  this.  The  best  systematics  are  found  in  the  Ag  isotopes,  from 
which  one  sees  that  the  magnitude  of  the  shifts  from  the  single-particle  value 
are  in  general  agreement  v/ith  the  experimental  results.  This  is  the  clearest 
case  for  which  one  can  separate  the  effects  of  the  long  range  force  from  the 
short  range  f  .ce  for  the  magnetic  dipole  moments.  There  is  no  indication  of 
a  need  for  a  quenched  particle  moment. 

The  numerical  results  for.  the  odd-neutron  isotopes  are  not  in  as  good 
agreement  with  the  experimental  val.ues  as  for  the  odd-proton  cases.  In  the 
lighter  isotopes  the  calculated  results  follow  the  experimental  trends  but  vary 
too  strongly  from  the  single-particle  values.  However,  a  decrease  of  the 
constant  C  by  about  20^2  would  bring  all  of  the  theoretical  results  into 
satisfactory  agrement  for  this  region.  For  the  isotopes  above  the  defomed 
region  a  large  change  in  the  value  of  the  strength  of  the  £ -force  is  called 
for.  A  choice  of  the  constant  C  of  25  Mev  instead  of  50  Mev  would  bring  the 
13/2  and  3/2  states  into  approximate  agreement  with  the  experimental  values 
without  changing  the  1/2  quasi-particle  moments,  which  is  consistent  with  the 
results  for  odd-proton  nuclei  in  this  region. 
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The  large  discrepancy  in  the  moments  of  the  l/2V  states  in  Te  and  Xe  is 
due  to  the  large  phonon  plus  3/2  quasi-particle  component.  This  could  mean 
that  the  wrong  spin  1/2  level  is  dropping  down,  a  resixlt  which  could  follow 
fx'CR  a  relatively  small  change  in  the  unperturbed  states  before  the  quadrupole 
force  is  included. 

The  general  conclusion  for  the  magnetic  dipole  moments  is  that  there  are 
a  number  of  different  effects  which  are  important  for  at  least  some  of  the 
nuclei,  and  that  one  must  include  all  of  them  to  gain  quantitative  agreement 
with  the  systematic  data.  However,  since  the  phonon  contributions  are  often 
about  equal  to  the  decrease  in  the  no-phonon  contribution  from  the  pure  quasi¬ 
particle  value,  the  final  numerical  result  is  often  similar  to  the  pure  quasi^ 
particle  moment,  although  the  interpretation  is  quite  different.  Thus  these 
moments  are  seen  to  be  rather  insensitive  to  important  nuclear  structure  con¬ 
siderations. 


B.  Magnetic  Dipole  Moment  of  One-Phonon  States 

In  the  preceding  section  we  have  used  for  the  g-factor  of  a  phonon,  gj^, 
a  value  of  Z/a  which  is  the  approximate  prediction  of  the  collective  model 
In  this  section  we  evaluate  gj^  in  terms  of  particle  quantities.  It  is  the 
scattering  terms  in  the  moment  operator  which  lead  to  a  non-zero  moment. 
From  Eq.  (59)  the  magnetic  dipole  moment  of  a  phonon  is 

JJ' 


(68) 
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The  matrix  element  in  Eq.  (68)  is  evaluated  by  taking  the  commutator 

B*l  f.>  =  BB’S*.)  +  (-f. B't> 

Kf.yti.j  r.)  t  <'f.  c  B,n j.j  ]  b'  %> , 

(69) 

in  which  the  Sawada  approximation,  [b,  B^]  =  1  has  been  applied  in  the  first 
term.  This  first  term,  which  involves  the  interaction  between  quasi-particles 
in  the  ground  state  is  generally  considerably  smaller  than  the  second  term, 
and  is  neglected  henceforth.  Applying  the  commutation  rule  for 

r  1 

L  J  e  J  J  Given  in  Appendix  I,  Eq.  (A4), 

and  the  analogous  commutation  rule  for  one  finds  that 

yu  s  5^^  j>  (u,Uj.  y,  Vj.)  ctot  woj'a'j"; 

jjO" 


in  which  the  and  s^  are  the  coefficients  which  appear  in  the  expansion 
of  the  phonon  into  quasi-particles  (Bq.  3A).  Writing  this  out  fully,  one  has 

-  8'5-i  ^  Z.  Vy  ^  V,  VjO  j".' J2-) 

A*  “  jJ'O" 

,,  fc,  . 

.(U,X„-tU,.VjHv/,  V*UrVi  >  c< rj*  t/O  - w*]'  tft' *  ' 


is  defined  by  Eq.  (94). 
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The  results  of  sample  calculations  for  the  parameters  used  in  Cpt.  Ill 
are  given  in  Table  III. 


VI.  ELECTRIC  QUADHUPOLE  MOMENTS 

Although  the  experimental  data  for  quadrupole  moments  is  less  extensive 
and  often  less  reliable  than  that  for  magnetic  dipole  moments,  it  offers  new 
possibilities  for  information  about  nuclear  structure.  In  the  first  place, 
even  in  the  Mayer- Jensen  coupling  scheme  the  quadrupole  moment  changes  from 
a  maximum  positive  value  for  one  particle  to  a  maximum  negative  value  as  one 
adds  pairs  of  particles,  so  that  the  magnitude  of  the  moment  gives  information 
about  the  filling  of  the  particle  levels.  As  was  pointed  out  above,  if  one 
knows  the  occupation  numbers  of  the  particle  levels  in  the  pairing  scheme, 
one  completely  specifies  the  wave  function,  so  that  in  the  absence  of  other 
effects  the  quadrupole  moments  provide  quite  direct  evidence  about  the  wave 
functions  in  our  model.  However,  the  other  point  in  which  there  is  a  strong 
qualita'tive  difference  between  the  systematics  of  magnetic  dipole  and  electric 
quadrupole  moments  is  large  additions  to  the  quadrupole  moments  which  arise 
from  the  admixture  of  phonon  states  to  quasi-particle  states,  so  that  the 
particle  contributions  are  often  considerably  smaller  than  the  collective  ones, 

A,  Odd  Mass  Nuclei 

1.  Quasi-Particle  and  Collective  contributions 

The  expression  for  the  quadrupole  operator  in  terms  of  quasi-particles 
has  been  given  in  Cpt,  II,  Eq, (l7)(here  we  include  the  extra  factor  of  {(iK/S)* 
to  conform  to  the  usual  definition) 
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4>(UiUj--ViV>;'n.Jji. 


(72) 


For  the  evaluation  of  this  operator  in  the  states  of  odd  mass  nuclei  (see  Eq, 

(54)  the  y\  terms  connect  the  parts  of  the  wave  function  with  equal  numbers 
of  phonons,  while  the  terms  change  the  number  of  phonons.  Let  us  first 
treat  the  latter  terms. 

Because  of  the  nature  of  the  collective  states  as  quadrupole  vibrational 
states,  in  case  of  competition  between  particle  and  collective  parts  of  the 
wu,ve  fxinction,  we  can  expect  the  collective  aspects  to  be  much  larger  for  the 
quadrupole  operator.  Therefore,  in  evaluating  the  terms  in  Bq.  (72) 

we  can  neglect  the  quasi-particle  contributions  compared  to  the  phonon  contri¬ 
butions  with  an  accuracy  which  can  be  estimated  by  corrparing  the  single-particle 
E2  transition  rates  to  the  experimental  values,  i.e.,  with  an  error  of  less  than 
ten  per  cent  in  most  nuclei.  In  fact,  since  the  quasi-particle  transitions 
are  hindered  for  E2  transitions  (see  Cpt.  VII),  the  accuracy  is  probably  consider¬ 
ably  better  than  this  in  most  cases.  The  most  important  part  comes  from  the 
off-diagonal  elements  between  the  one-phonon  and  zero-phonon  states.  The  matrix 


element  involved  is 
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This  is  most  easily  evaluated  by  recoupling  the  phonon  operator  to  the 
quadrupole  operator: 

<vf'oOCj^  I  |  CCaJ*.Xx5*o:ii 


(74) 


in  notation  indicating  that  the  quadrupole  operator  is  vector  coupled  to  the 
phonon  operator,  which  is  in  turn  coupled  to  the  j '  quasi-particle  to  form  a 
quantity  of  angular  momentum  j.  One  can  take  advantage  of  the  fact  that 


(75) 


to  replace  the  factor  CQ,  by  the  commutator  [q,  which  we 

define  by 

t  T  f  ^  ^ 

(76) 


[Q. ,  b']^  --  2  ra* ,  B"-’ 


Using  the  approxin.ate  commutation  rules  (26),  this  commutator  is 
ff  ,  . 

j  jj' 


(77) 


which  is  the  result  used  to  obtain  the  B(E2)'5,  Obviously,  this  result  must 
be  intimately  connected  to  the  B(E2)'s,  since  the  same  operator  is  involved, 
and  the  expression  for  the  matrix  element  in  question,  with  the  above  approxi¬ 
mations  (which,  essentially,  are  the  distinguishing  of  the  quasi-particles 
from  the  phonons),  is  simply 


(78) 


<tdjjlaj[cLjB%jlt> 


c?  JL  fjcij-/),  - 
'  is  L(J+t)(xj+J) 
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These  matrix  elements  give  most  of  the  contribution  of  the  At  terms  in 
£q.  (72)  and  are  the  only  ones  included  in  our  calculatiotls. 

In  evaluating  the  T\  terms  in  ISq.  (72),  we  make  the  same  type  of 
approximations  as  were  used  in  the  case  of  the  magnetic  moments  (see  Cpt.  V, 
Al).  However,  we  shall  keep  only  the  one  quasi-particle  matrix  elements  of 
n  since  the  one  phonon  and  two-phonon  matrix  elements  are  never  more  than 
about  25%  of  these  terms.  Moreover,  (for  the  quadrupole  moments)  the  purely 
collective  contributions  frcai  the  (derived  above)  are  usually  consider¬ 
ably  larger  than  theTl  contributions.  It  is  easy  to  see  that  the  collec¬ 
tive  contributions  to  the  one-phohon  diagonal  matrix  elements  are  of  the 
same  magnitude  as  the  quasi-particle  contributions,  and  they  are  also  ignored. 
The  matrix  element  of  the  Tb  terms  in  the  state  of  one  quasi-particle  and 
no  phonons  is 


(79) 


which  is  the  same  result  as  derived  in  Hef.  I.  However,  in  addition  to 
the  pure  qxiasi-partlcle  results,  there  are  contributions  of  about  equal 
magnitude  from  the  admixture  of  other  configurations.  This  is  treated  below. 


2.  Contributions  from  Configurations  Admixed  by  a  ^  -Function  Force 

Just  as  in  the  treatment  of  the  magnetic  dipole  mcaaents,  there  are 
certain  configurations  admixed  by  a  S  -function  force,  or  any  other  short 
range  force,  which  ore  not  admixed  by  the  pairing  or  quadrupole  forces  in 
the  approxifflatlons  used  in  this  work,  but  which  contribute  to  the  quadrupole 
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moments  amounts  of  the  same  general  magnitude  as  the  single-particle  contri¬ 
butions. 

On  the  other  hand,  one  has  already  included  a  certain  amount  of  configura- 

s 

tion  mixing  by  introducing  the  effective  charges  in  £q.  (/,?}•  Ihese 

effective  charges  are  presumably  due  to  the  polarization  of  the  closed  shells 

a 

by  the  particles  in  the  major  shell  being  filled  ,  and  are  associated  with 
configurations  at  the  energy  required  to  break  a  double  closed  shell.  The 
configurations  considered  in  this  section  are  essentially  associated  only 
with  the  particles  in  the  levels  being  filled,  and  are  at  energies  of  the 
magnitude  of  the  gap,  which  is  considerably  smaller  than  the  energy  needed 
to  break  a  closed  shell  (an  essential  assumption  of  this  model).  Still,  the 
separation  of  these  effects  is  not  at  all  ccxnplete,  and  effects  such  a s  the 
blocking  of  seme  shell  model  levels  by  adding  particles  outside  the  closed 
shells  will  also  change  the  magnitude  of  the  effective  charge  which  arises 
from  the  closed  shells.  Thus  the  calculation  of  this  section  also  gives  an 
estimate  of  the  magnitude  of  changes  in  the  effective  charges  as  one  fills  a 
major  shell. 

Referring  to  £q.  (62),  for  both  the  odd  and  even  pure  seniority  one 
and  seniority  zero  configurations  there  are  additions  to  the  quadrupole 
moments.  Let  us  refer  to  the  state  in  which  the  odd  number  of  particles  are 
in  the  level,  with  p  odd  particles  in  a  partlciilar  configuration. 

For  each  level  in  which  there  is  an  even  number  of  particles,  i.e.  Zx  4^  ^ 
whether  of  the  even  or  odd  type  of  particles,  there  are  admixtures  to  the 
quadrupole  moments  of  the  form 


f  A  ^ 

o  4.  2  Eg 


(80) 
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In  £q.  (60)  the  factor  f  depends  upon  the  single-particle  values 

for  the  IL  's  and  J's,  the  occupation  numbers,  the  force  strength  Vs,  and 

the  radial  Integrals.  The  explicit  form  is  given  In  Ref.  (26).  In  the  energy 

denominator,  when  the  admixed  configurations  involve  elevating  a  particle  to 

2 

its  spin  orbit  partner  we  use  the  parameters  of  Cpt.  Ill  or  7(2*  i  +  1)  A”  3 
Mev.  There  are  also  admixtures  for  which  is  zero.  These  are  simply 

the  broken  pair  contributions  of  spin  2  which  give  the  major  effects  for  the 
additional  quadrupole  moments  arising  frcm  the  configuration  mixing  of  the 
particles  in  the  shell  being  filled.  The  quantity  2E  iu  the  energy  for  the 
lowest  excitations  which  break  a  pair,  and  is  used  to  represent  the  average 
energy  to  break  a  pair  for  each  of  the  pure  configurations.  Ihere  are  similar 
equations  for  the  admixtures  from  the  odd  level,  which  can  be  found  in  Ref. 
(26),  and  which  are  treated  in  the  same  manner. 

Referring  to  Eq.  (80)  one  can  see  that  there  is  a  slight  complication 
for  these  admixtures  to  the  moments  eonqiared  to  the  analogous  magnetic  dipole 
moment  calculation,  since  the  admixtures  of  the  even  type  depend  upon  p,  the 
number  of  particles  in  the  odd  level.  The  physical  interpretation  of  this 
fact  is  that  the  quadrupole  moment  for  a  half-filled  subshell  is  zero,  for  a 
shell  less  than  half-filled  it  is  negative  and  for  more  than  half-filled  it 
is  positive.  Thus,  if  for  each  p  the  are  summed  for  the 

even  type  with  occupation  numbers  n^,  n2  • • ^  ,  and  this  is  referred  to  as 
,  the  resulting  change  in  the  moment  flram  the  even 
configuration  n^,  n2  ***  is 
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where  P  = 
P 


600 


probability  of  finding  p  particles  in  the  j-level. 

,  the  change  in  the  quadrupole  moment  arising  from  an 
odd  configuration,  is  calculated  as  in  Ref.  26  with  the  modifications 
mentioned  above.  Therefore,  we  obtain  as  the  electric  quadrupole  moment 
of  a  quasi-particle 


V,  ij-l 


?  .t.> 


2  e 


? 


+  2:  e„,  l«-c  ' 

cmv  c 


dt 


CD)  ,  ^ 


SQc 


ovt 


(82) 


Finally,  combining  Eq.  (78)  and  (82),  the  electric  quadrupole  moment  is 


(83) 


28 

The  results  are  given  and  conpared  to  experiments  in  tables  IV  and  V 
for  odd-proton  and  odd-neutron  nuclei,  respectively.  The  third  column  in 
the  tables  gives  the  uncorrected  quasi-particle  quadrupole  moments,  Eq.(79)» 
the  fourth  and  fifth  columns  give  the  corrected  mooiente  for  two  choices  of 
the  effective  ciiarges,  >  ^heor  total  result 

using  effective  charge  of  1  for  the  neutron  and  2  for  the  proton.  In 
these  tables  one  can  see  that  although  the  phonon  contribution  often  dcmirb, 
ates,  in  mapy  cases  the  single  particle  parts  are  as  lasge  or  larger  than 
and  that  the  higher  seniority  terms  are  very  important  for  the  quasi-particle 
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quadrupole  moments,  p  *  many  of  the  cases  in  which  the  calculated 
result  is  too  large,  the  use  of  the  experimental  value  for  the  B(E2)'s 
improves  the  comparison  with  experiment. 


B.  Electric  Quadrupole  Moment  of  One-Phonon  State 


In  exactly  the  same  manner  as  the  magnetic  dipole  moment  of  the  one-phondn 
state  was  found  (Cpt.  V),  one  can  calculate  the  electric  quadrupole  moment  of 
a  phonon.  The  result  is 


.  (v^Vj,  -  Vj  VjO 

.  +  E»  -  3C(ej.  *- 


Uj-Vj'J 


(84) 


There  is  not  the  regularity  to  be  expected  for  these  moments  as  is 

expected  with  the  magnetic  dipole  moments,  'ftat  this  is  true  is  apparent 

from  the  factors  (U.U.,  -  V.V.,)  ,  which  produce  cancellation  and  wide 
0  J  0  J 

variation  in  the  results.  Since  there  is  no  experimental  data,  we  do  not 
carry  out  the  numerical  calculations  for  these  phonon  moments,. 
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VII.  ELECTROMAGNETIC  TRANSITIONS 

Since  the  electromagnetic  field  is  so  well  understood  and  electro¬ 
magnetic  radiation  from  nuclei  has  been  carefully  worked  out  the  data  on  the 
gamma  transitions  provides  important  information  about  many  aspects  of 
nuclear  structure.  In  addition  to  the  purely  spectroscopic  information  which 
one  obtains  from  the  general  character  of  the  multipole  radiations,  one  can 
learn  mary  of  the  details  of  the  nuclear  wave  functions  from  the  transition 
rates.  Moreover,  because  this  type  of  experimental  information  is  so  exten¬ 
sive,  it  is  often  possible  to  pick  out  pairticular  transitions  in  a  number 
of  nuclei  which  stress  particular  parts  of  nuclear  wave  functions,  thereby 
providing  systematic  studies  of  various  aspects  of  nuclear  structure. 

A.  Odd-Mass  Isotopes 

The  pairing  correlations  play  an  important  role  in  the  electromagnetic 
transitions.  Because  a  quasi-particle  is  composed  of  particles  plus  "holes" 
in  the  shell  model  states,  the  transition  between  two  quasi-particles  states 
involves  both  particle  and  hole  transitions,  or,  in  other  words,  the  transi¬ 
tion  involves  particle  states  and  time-reversed  particle  states.  This  is  the 
origin  of  the  result  given  in  Ref.  I,  that  the  matrix  element  of  single-particle 
operator  <?  =  ^^<1  in  one  quasi-particle  state 

/X 

is  related  to  the  single-particle  matrix  elements  by 

<'}';  I  z  </  /  f ;  > 


(85) 
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where  T  is  the  time  reversal  property  of  the  operator,  i.c,  T  =  0  or  1 
if  the  operator  does  not  change  sign  or  does  change  sign,  respectively 
under  time  reversal.  For  electromagnetic  transitions  the  result  is  that 
the  matrix  elements  of  the  electric  and  magnetic  2^  pole  transition 
operators  in  quasi-particle  states  are  related  to  the  single-particle  matrix 
elements  by 


(86a) 


(86b) 


since  the  magnetic  operators  change  sign  while  the  electric  ones  do  not. 

This  effect  was  studied  for  single  closed  shell  nuclei  in  some  detail,  and 
gives  an  accurate  estimate  of  some  of  the  transition  rates  since  for  those 
isotopes  the  effect  of  the  long  range  force  on  the  one  quasi-particle  states 
is  not  so  very  important. 

In  order  to  carry  out  a  quantitative  study  of  the  systematic s  of 
the  isomeric  transitions  for  all  of  the  spherical  nuclei,  it  is  necessary 
to  include  the  effect  of  the  phonon  admixtures.  For  the  transitions  of 
high  multipolarity,  such  as  the  E3  and  M4  transitions,  it  is  a  good 
approximation  to  neglect  the  terms  in  the  single-particle  operators  which 
change  the  number  of  phonons.  In  that  case  the  most  important  effect  of  the 
long  range  force  is  to  depiste  the  amount  of  one  quasi-particle  state  in  the 
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wave  function.  In  this  approximation,  the  relationship  between  the  single- 
/$,  _  ^  S*  1^. 


particle  lifetime. 


f 


and  the  lifetime  in  states  Eq.  (54)  is 


—  r  X)  7-  *  K 


(87) 


with  this  retardation  factor  D  being  approximately 


2)  =  ( Uf  7  y-  M )  '^  ( c  i^oo  cioo)  . 


(88) 


In  Eq.  (88)  the  upper  sign  holds  for  electric  and  the  lower  one  for  magnetic 
transitions.  The  coefficients  Cioo  are  the  no-phonon  components  of  the 
wave  functions  of  an  odd-mass  system  of  spin  j,  obtained  from  Eq.  (47). 

The  most  useful  data  for  systematic  studies  of  electromagnetic  transi¬ 
tions  in  the  one  quasi-particle  states  is  that  of  the  isomeric  transitions, 
especially  the  M4  and  E3  transitions.  Let  us  first  consider  the  M4*s. 
The  single-particle  transition  rates  have  been  calculated  by  Moszkowski 
and  others.  For  M4  transitions  the  theoretical  single-particle  transition 

29 

probability  is  approximately 


(89) 


with  C(M4)  a  constant  proportional  to  the  radius  parameter,  ,  to  the 
sixth  power,  and  equal  to  1.56  x  10”^  or  2.86  x  10“^  for  neutrons  or 
protons,  respectively,  for  a  choice  of  =  1.1  x  ICT^  cm. 
is  the "statistical  factor"  and  A  is  the  mass  number.  The  experimental 
values  for  the  transition  probability  is  found  in  terms  of  the 
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experimental  half-life,  Ti  conversion  coefficient,  a  ,  and  the  fraction 
of  involved  in  the  transition,  F, 

Prxp  ■ 

(90) 

The  experimental  results  are  given  in  terms  of  the  reduction  factor 


D  exp 


Pint  f 

pi.p. 

I  T  HfOli 


(91) 


Results  are  given  for  the  M4  transitions  in  our  regions  in  which  the  half- 

lives  have  been  measured.  In  most  cases  F  is  known  from  the  experiments, 

but  in  a  few  cases  it  is  estimated  from  theoretical  considerations.  In  a 

number  of  cases  the  internal  conversion  coefficients  have  not  been  measured 

30 

and  the  calculations  of  Rose  have  been  used.  If  only  the  K  and  L 
conversion  coefficients  are  known,  the  total  conversion  coefficient  is  taken 
to  be  ®  (1  +  1»3  ♦ 

The  most  striking  feature  of  the  systematics  of  !•!/»  transition  rates 

is  their  constancy,  which  was  first  pointed  out  by  Goldhaber  and  Sunyar^^, 

for  none  of  the  measured  rates  differs  from  the  single-particle  estimate  by 

more  than  a  factor  of  about  ten.  From  Eq.  (88)  one  sees  that  the  pairing 

2 

part  of  the  reduction  factor  is  (U^U^  +  V^Vf)  ,  vfhich  tends  to  be  constant. 
Since  the  magnitude  of  the  one  quasi-particle  component  in  the  states  being 
considered  is  usually  at  least  fifty  percent,  the  theoretical  reduction  factor 
D  will  also  tend  to  be  constant.  Let  us  now  look  in  detail  at  the  several 
regions  to  see  if  not  only  the  constancy  produced  by  the  pairing  correlations 
shows  up,  but  also  the  effects  of  phonon  admixtures. 
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In  Fig.  37  is  contained  the  information  about  the  isomeric  transition 

between  the  ^5/2  neutron  transitions  in  the  Pt,  Hg,  and 

Pb  isotopes.  In  the  Pb  isotopes  the  most  important  effects  are  due  to  the 

207 

pairing  correlations.  As  one  removes  particles  from  Pb  the  vibration  does 

become  a  little  softer,  tending  to  reduce  the  calculated  transition  rates 

a  bit  faster  than  when  the  phonon  effect  is  neglected,  but  the  experimental 

information  just  shows  the  constancy  expected  from  the  pairing  effects.  In 

207  203 

any  case,  the  fact  that  the  Pb  D  is  less  than  that  of  Pb  is  very 
’  exp 

hard  to  understand. 

Following  the  Hg  isotopes  frcan  mass  195  to  199,  both  the  13/2  and  5/2 
states  are  filling,  and  the  pairing  part  of  the  reduction  factor  increases. 
This  is  partially  offset  by  the  phonon  factor,  which  decreases,  resulting 
in  a  slowly  increasing  D,  which  is  in  agreement  with  experiment.  In  the 
case  of  the  Pt  isotopes,  the  pairing  factor  is  increasing  at  nearly  the 
same  rate  in  isotopes  193,  195,  and  197  as  the  Hg  isotopes,  for  the  same 
neutron  numbers  are  involved,  but  in  this  case  the  phonon  factor  is  quite 
strongly  increasing.  As  a  result  the  theoretical  reduction  increases  in 
the  Pt  isotopes  much  more  strongly  than  in  the  Hg,  a  fact  which  seems  to  be 
supported  by  the  e^erimental  evidence. 

There  is  a  great  deal  of  e;q)erimental  information  concerning  the  neutron 
^11/2  ^3/2  ^  transitions  in  the  Sn,  Te,  Xe, 

and  Ba  isotopes  as  shown  in  Fig.  38*  In  going  from  smaller  to  larger  mass 
numbers  in  these  isotopes  one  is  proceeding  from  6?  to  81  neutrons  in  the  50-82 
neutron  major  shell.  Since  the  first  fourteen  particles  in  this  shell  mainly 
occupy  the  £^^2  *^5/2  ^®^®^®>  essentially  going  fron  unfilled 


\l/2 


and  ^^2  ^®^®^®  filled  ones.  However,  due  to  the  fact  that  these 


two  levels  are  rather  closely  spaced,  the  factor  ^^xi/^3/2  ^  ^ 

quite  close  to  unity.  Therefore  almost  any  variation  in  the  theoretical 

results  must  come  from  the  changes  in  the  phonon  admixtures.  In  the  sequence 
123-133 

of  six  isotopes  Te  experimental  results  show  a  general  increase  of 

the  factor.  In  the  theoretical  calculation  there  are  two  competing 

3/2  121 

effects,  since  the  C  '  coefficient  increases  from  about  0.8  at  Te 

133  ^  11/2 

to  unity  at  Te  ,  while  the  ^2.1/2  00  *  maximum  at  mass  numbers  125 

and  133.  Although  the  detailed  variation  which  is  predicted  by  the  theory 
does  not  seem  to  show  up,  the  general  tendency  for  the  nuclei  to  become 
stiffen  to  vibration  and  thus  contain  less  phonon  admixture  as  one  approaches 
the  82  neutron  number  leads  to  a  general  increase  of  the  theoretical  D  factor 
which  is  consistent  with  the  experiments. 

The  theoretical  results  for  the  sequence  of  isotopes  Xe  129-135  show  a. 

11/2 

similar  dip  at  the  131  mass  number,  due  to  the  minimum  in  the  00 

coefficient,  with  a  general  increase  thereafter  to  the  case  of  81  neutrons. 

131 

Ihe  experimental  results  are  in  good  agreement,  even  having  a  minimum  at  Te  . 

133-7 

Finally,  the  three  isotopes  Ba  have  an  e:q>erimental  reduction  factor 

which  increases  sharply,  which  is  in  agreement  with  the  strong  phonon  changes 
which  occur  with  56  protons. 

In  Fig.  39  one  finds  the  study  of  the  “®9/2  transition 

revealed  by  the  Y,  Nb,  Tc,  and  In  isotopes.  Since  the  protons  are  involved, 
the  pairing  factor  remains  almost  constant  and  Just  helps  to  determine  the 
general  magnitude  for  each  element,  so  the  variations  in  each  element  are 
mainly  due  to  the  phonon.  One  striking  result  is  the  strong  maximum  in  the 
three  Y  isotopes  at  the  50  neutron  closed  shell.  This  can  be  explained 
by  the  fact  that  the  phonon  admixtures  increase  as  one  leaves  the  single 
closed  shell  case,  as  the  theoretical  curve  shows.  For  the  four  Nb  isotopes 


11/^ 3/2^ 
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one  is  adding  neutrons  to  the  50  closed  shell,  starting  vdth  the  single 
91 

closed  shell  Nb  case.  Therefore,  the  theoretical  results  display  a 

decreasing  magnitude  for  this  D  factor,  which  is  in  agreement  except  for 

93 

the  very  uncertain  Nb  point.  In  the  three  Tc  isotopes  with  mass  numbers 
93-97  one  sees  this  effect  quite  clearly  in  both  the  theoretical  and  experi¬ 
mental  reduction  factors.  Finally,  for  the  In  isotopes  the  pairing  factor 
is  constant  and  the  phonon  admixture  is  also  almost  completely  unchanged  as 
the  neutrons  increase  from  64  -  68,  so  the  remain  constant  in 

in  agreement  with 

Another  interesting  thing  in  this  region  is  a  pairing  force  effect 
for  the  three  single  closed  shell  N  =  50  isotopes  Nb^^,  and  Tc^^. 

The  minimum  in  the  reduction  factor  seems  to  come  from  the  change  in  the  gap 
at  41  particles,  as  was  discussed  in  Ref.  I.  Finally,  there  is  a  little 
information  concerning  the  neutron  -  ®9/2  ^  transition.  From  Fig, 

40  one  can  Just  conclude  that  the  e;q>erimental  and  theoretical  results  are 
consistent. 

From  Figs,  37"40  one  sees  that  for  a  choice  of  the  radius  parameter 
somewhere  between  1.0  and  1.1  f.  the  magnitude  of  the  experimental  vs,  theor¬ 
etical  reduction  factors  is  in  agreement.  Ue  can  conclude  that  this  extensive 
information  on  K4  transitions  seems  to  give  good  evidence  for  the  accuracy 
of  the  wave  functions  which  result  from  this  method. 

The  experimental  data  on  E3  transitions  is  not  so  extensive  as  the  M4 
data,  and  it  turns  out  not  nearly  as  useful  for  this  work.  The  main  reason 
is  that  the  best  systematica  concern  the  transition  between  the  7/2+  state 
and  the  1/2-  state  for  isotopes  in  which  the  odd  particle  is  in  the  28-50 
shell.  These  are  Just  the  cases  with  which  this  method  seems  to  be  least 
able  to  deal,  at  least  without  including  the  three  quasi-particle  states  (see 
Opt.  III).  Therefore  we  do  not  attempt  to  calculate  these  transition  rates. 
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The  only  systematic  data  which  we  can  treat  involves  the  neutron 
“  *^5/2  transitions  in  Cd^^^,  and  In  fact,  this 

is  an  interestir^  sequence,  for  the  neutron  Fermi  level  is  crossing  between 
the  two  levels  at  about  N  =  63.  Therefore,  one  can  expect  a  sharp  reduction 

in  the  D  factor  at  this  point,  since  the  factor  (U  U  -  V  V)  goes  approxi- 

32 

imately  to  zero  there.  The  very  snail  transition  rates  compared  to  the 
single  particle  values  for  and  seem  to  be  correlated  with  this 

theoretical  prediction.  It  is  also  interesting  to  note  that  none  of  the 
E3  transitions  between  the  7/2t  and  l/2-  states  mentioned  in  the  preceding 
paragraph  have  these  very  strong  reductions,  indirectly  supporting  the 
conjecture  that  thosJ states  contain  other  admixtures  than  the  pairing  picture 
would  predict. 

There  are  numerous  other  lifetimes  measured  in  the  spherical  odd-nass 
isotopes.  Although  there  is  not  so  much  in  the  way  of  systematics,  there 
are  some  interesting  cases.  Of  special  interest  are  some  of  the  E2 
transition  rates.  Here  one  has  the  tendency  for  the  reduction  of  the  con¬ 
tributions  from  the  single  quasi-particle  states,  but  enhancements  arising 

123 

from  the  phonon  admixtures.  Thus,  e.g.,  recent  experiments  on  Sb  which 

show  an  enhanced  E2  transition  give  evidence  that  *^5/2 

32 

contain  considerable  admixtures  of  phonon  states^  • 


B.  Even-Even  Isotopes 

1.  The  One  Phonon  to  Ground  State  Transition 

The  most  extensive  data  on  electromagnetic  interactions  in  the  even-even 
nuclei  is  on  the  B(E2)  values  for  the  transition  from  the  lowest  2+  state 
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to  the  ground  state.  In  Cpt.  II  this  was  defined  as 

^  . 

a  +  -♦  0*’ 

(92) 


Since  in  all  of  our  calculations  we  take  the  three  long  range  force  parameters 
equal  ®  the  B  (E2)  can  be  written  in  the  simplified 


form 

B(ei)=  }KC[j 


] 


V 

9 


(93) 


where 


fui  '  *• 


(94) 


The  theoretical  values  of  the  B(£2)'s  seems  to  be  in  reasonably  good  agre^ 

33 

ment  with  the  experimental  data  .  One  can  see  that  there  is  a  general 
tendency  for  the  calculated  B(E2)<s  given  in  Table  VI  to  become  increasingly 
larger  than  the  experimental  onetas  the  vibration  gets  softer  and  one  approaches 
the  deformed  regions. 
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2.  The  Crossover  2+  Two  Phonon  to  Ground  State  Transition. 

In  recent  years  there  have  been  many  measurements  of  the  B(E2)'s  for 

the  transition  from  the  second  phonon  2+  state  (referred  to  hereafter  as 

the  2*  state)  to  the  Of  ground  state.  In  the  linearized  QRPA  theory  we 

have  applied  here  this  transition  is  forbidden,  which  is  in  agreement 

with  the  small  B(E2)  value  compared  to  the  B(E2).  However,  one  of  the 
2‘->0  2->0 

promising  features  of  this  method  is  the  relative  ease  with  which  some 
corrections  can  be  mads.  For  these  transitions  it  is  rather  straightforward 
to  carry  out  the  necessary  corrections  to  the  QRPA  approximation. 

The  crossover  B(E2)  is  defined 

B(E3J  -|<yj(QiiF[B*e*)V-P (,5, 

F  is  a  normalization  constant  which  takes  into  account  the  deviation  of 

the  operators  from  bosons  for  the  two  phonon  states.  This  factor  can 

bo  quite  different  from  unity  when  the  vibrational  states  are  low  in 

energy.  Since  the  number  of  quasi -particles  differ  in  the  zero  and  two 

phonon  states  by  zero,  four,  etc.  the  A+  parts  of  the  quadrupole  operator 

cannot  load  to  the  transitions.  Therefore,  theT|  parts  of  the  operator, 

which  do  not  contribute  to  the  B  (E2)*o,  are  entirely  responsible  for  the 

0-»2+ 

transitions,  which  wo  can  thus  e:q>ect  to  bo  of  the  order  of  single-particle 
magnitude.  Wo  need  the  matrix  element  J 

in  which  the  operators  have  boon  vector  coupled  to  total  angular  momentum 
zero.  Applying  the  oonniutation  rule  given  in  Appendix  I ,  Eq.  (A4},  plus 


79 


the  condition  one  readily  finds  that 

]'y.>  ./«Y? 


(96) 


Therefore,  the  reduced  lifetime  for  the  direct  crossover  transition  is 

3  (Ea)  =  [  2.  E  tof  (UjVj.  -Vj  Vj/><j'|/A’-y*-||  j>/Vx 
e-n'  f  Jj'  ^ 

J, 


(97) 


The  results  shown  in  Table  VII  are  calculated  by  choosing  F=1  and 
taking  the  effective  charges  of  the  proton  and  neutron  to  be  e^^^  =  2e 
and  Og££  =  ®  (column  two),  and  for  comparison  =  1«  and  e^^^  =  0 
(column  three).  From  Eq.  (97)  it  is  evident  that  the  theoretical  results 
are  sensitive  to  the  parameters  both  because  of  the  cancellations  due  to 
the  factors  because  of  the  interference  between  neutrons 

and  protons,  which  is  illustrated  by  the  comparison  of  columns  two  and 
three.  The  theoretical  values  are  frequently  an  order  of  magnitude 
smaller  than  the  experimental  results. One  important  reason  for  this 
is  the  error  in  the  choice  of  unity  for  the  normalization  factor  F, 
which  can  change  the  results  by  a  factor  of  two  according  to  rough 
estimates.  However,  since  these  transitions  are  of  single -particle 
magnitude  an  accurate  estimate  of  these  B(E2)'s  requires  the  use  of  more 
detailed  properties  of  the  wave  functions  and  dn  investigation  of  other 
effects  which  might  be  Important  in  some  cases. 

For  the  region  28<Z640;  28<N^50  the  theoretical  B(E2) 

,  ^  0-^' 
values  were  also  calculated  including  the  f'j/2  protons  and  neutrons 

from  the  shell  below.  These  results  are  not  Included  in  the  table,  but 

there  was-  a  large  difference  in  the  results  indicating  the  sensitivity  of 
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the  calculations  to  the  parameters,  especially  iri  this  region.  Since 
these  transitions  are  essentially  of  elngle-partlcle  type,  the  results 
can  be  expected  to  depend  much  more  upon  the  details  of  the  nuclear  struc¬ 
ture  than  those  for  the  one-phonon  B(E2).  In  particular,  we  expect  that 

0-^2+ 

with  more  systematic  emperlcal  data  there  will  be  more  scatter  In  the 
experimental  values  for  these  transition  rates  than  for  the  transition  rates 
found  for  the  one -phonon  to  the  ground  state  transitions.  Of  course  this 
simple  treatment  of  the  two-phonon  states  cannot  be  expected  to  be  very 
accurate.  Moreover  the  general  tendency  for  the  B(E2)'8  to  be  so  small 
in  this  calculation  indicates  that  the  corrections  are  quite  large,  and 
that  in  fact  the  treatment  of  the  second  phonon  state  as  B^  B*’  is 
not  very  accurate. 

3.  The  Ml  Admixture  in  the  IWo-Phonon  2+  to  One-Phonon  Transition 

From  the  magnetic  moment  operator,  Bq.  (59)»  one  can  see  that  in 
the  matrix  element  needed  to  calculate  the  Ml  transition  between  the 
two-phonon  2+  (2')  state  and  the  one-phonon  state 

only  the  terms  contribute.  However,  the  calculation  of  this  matrix 
element  is  rather  intricate.  In  this  case  the  commutation  niles  Eq.  (A3) 
and  (A4)  along  with  the  condition  B^^  «>  0  are  not  sufficient  to 
evaluate  the  matrix  element,  and  one  is  required  to  make  statements  about 
the  magnitude  of  rather  complicated  terms.  Because  of  the  accvu-ate  data 
it  is  important  to  carry  out  this  calculation,  but  we  do  not  do  this  here 
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because  it  is  not  in  the  spirit  of  the  rest  of  the  calculations.  For  the 
same  reason  we  do  not  calculate  the  change  in  the  value  of  the  cascade 
B(E2)'3  of  the  2 *-^2-^0  transitions  from  the  QRPA  value, 

4.  Transitions  in  TWo  Quasi -Particle  States 

As  soon  as  one  leaves  the  single  closed  shell  isotopes,  the 
difficulty  in  obtaining  spectroscopic  information  has  resulted  in  the 
situation  that  there  is  actually  very  little  information  about  transitions 
in  the  qua si -particle  states  beyond  those  studied  in  Ref.  I.  With  new 
experimental  apparatus  and  techniques,  one  can  look  forward  to  the 
possibility  of  systematic  studies  in  the  future.  One  interesting  case 
has  been  recent  measurements  of  a  highly  forbidden  E2  transition  in 
Sn^l®  and  in  states  which  should  be  rather  pure  quasi -particle 

states,  showing  the  particle  hole  cancellations  predicted  by  the  pairing 
corrections^^. 


VIII.  BETA-DECAY 


Nuclear  beta  decay  rates  have  been  used  in  the  past  to  help 
determine  nuclear  spins  and  parities,  and  moreover  when  the  spins  are 
known  and  the  type  of  decay  determined,  the  rates  may  be  related  to  the 
nuclear  state  involved. 

A.  Beta-decay  Matrix  Elements  ~  Odd-Mass 
In  the  same  fashion  as  with  electromagnetic  transitions,  the  effect 
of  pairing  correlations  on  the  ^  decay  nuclear  matrix  elements  may  easily 
be  deteimiined.  The  simplest  case  to  consider  is  a  transition  between  two 
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one-quasi-particle  states.  This  will  be  a  transition  between  an  odd-proton 
and  an  odd-neutron  nucleus,  and  will  thus  be  between  a  neutron  one-quasi¬ 


particle  state  and  a  proton  one -quasi -particle  state.  The  p -operator 
0^  for  the  nuclear  matrix  element  is  of  single  particle  type  (  ) 

or  (  b..  bi  )  depending  on  whether  N-+-P  or  P-»N  in  the  transition.  The 

^  t  t 

initial  state  is  of  the  type  I 'F*  ^  or  depending  on 

whether  the  neutron  or  proton  number  is  odd  in  the  initial  state.  The 


final  state  is  then  of  oposite  type.  The  matrix  element  M  may  be  evaluated 


in  terms  of  the  single-particle  matrix  element  M  by  performing  the 

O  •  r  • 

qua si -particle  transformation  on  the  operator  bH  .  (See  Eq.  (9)). 


Four  cases  may  be  distinguished  depending  on  the  nuclear  species 
involved. 

1)  N->-P  odd  jumping,  (  odd  N  even  Z)->(N-1,Z+1) ,  M=UjjUp  Mg  p 

2)  P->N  odd  Jumping,  (  even  N  odd  Z)-^(N+1,Z-1),  ^s.P. 

3)  N-+P  even  Jumping,  (even  N  odd  Z)-^(N-1,Z+1),  M  =  -F  VjjVp  Mg^p^ 

A)  P-^N  even  Jumping,  (odd  N  even  Z)-*-(N+l,Z-l),  M  =  +  VjjVp  Mg^p^ 

In  3  and  4  the  sign  is  plus  or  minus  depending  on  whether  the  operator  is 

odd  or  even  under  time  reversal.  The  above  expressions  differ  from  the 
reduction  factors  derived  for  electromagnetic  transition  owing  to  the 
fact  that  here  1  and  3  or  (2  and  4)  correspond  to  different  transitions, 
while  in  the  electromagnetic  case,  where  the  same  particle  merely  changes 
levels,  the  corresponding  1  and  3  or  (2  and  4)  both  contribute  to  the  same 
transition,  i.e.  the  even  Jumping  and  odd  Jumping  both  contribute  to  the 


same  transition 
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An  absolute  comparison  of  these  reduction  factors  with  experimental 
data  would  be  quite  difficult  for  medium  to  heavy  nuclei.  However,  for 
a  of  one-quasi -particle  transitions  all  between  the  same  quasi¬ 

particle  levels,  the  entire  dependence  of  the  nuclear  matrix  element  on 
the  particular  nuclear  species  (i.e,  on  A)  should  be  contained  in  the 
reduction  factors,  the  single  particle  matrix  element  being  common  except 
for  small  changes  due  to  the  slow  change  in  the  shell  model  well  shape 

with  A.  Then  for  such  a  group  of  transitions  (of  allowed  type)  the  comparative 

-2 

life  (ft)  value  is  proportional  to  M  so  we  should  have  aside  from  the 
statistical  factor  (see  below) 

ft  «c  (UjjUp)”^  cases  1,2,  odd  jumping  (99) 

ft  oC  (VjjVp)"^  cases  3,4»  even  jumping  (100) 

One  such  group  occurs  in  nuclei  115iAil41  between  the  proton 

d  5/2  level  and  the  neutron  d  <1/2  level  (see  Fig.  41.)  The  figure  shows 

2Ji-fl 

experimental  log  ft.  values  minus  log  3  and  compares  them  with  the 

C  0 

theoretical  reduction  factors  log^yT^*.  The  normalization 

C  is  chosen  for  each  level  pair  to  fit  the  data  for  both  the  odd  mass  and 
even  mass  transitions  (see  section  B  below).  On  each  plot  a  small  arrow 
marks  log  C.  The  statistical  factor  (2Jj^+l)/3  is  chosen  to  make  the 
corresponding  factor  for  the  1+  to  Of  transitions  discussed  below  equal 
to  unity.  Most  of  the  experimental  ft  values  correspond  to  odd  jumping 
transitions.  This  is  in  general  accord  with  the  upward  trend  of  log  ft 
with  increasing  A  since  filling  levels  means  decreasing  U's  and  thus 
decreasing  M  and  increasing  ft.  The  few  even  jumping  transitions  which 
occur  for  large  mass  Isotopes  exhibiting  this  transition  ha’-  )wer  ft 
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values  than  the  neighboring  odd  jumping  transitions.  This  is  reasonable 
since  both  shells  are  nearly  filled  for  these  isotopes  i.e.  V>  U  and 
M  even>M  odd-jumping. 


For  other  level  pairs  there  is  much  less  systematic  information. 

For  57— A  — 67  there  are  a  few  cases  of  P2/2  ~  ^3/2  (see 

Fig.  42.)  It  is  difficult  to  see  the  effect  of  the  reduction  factors  with 
so  few  cases.  Also,  the  excitation  energy  is  high  in  some  of  the  oases, 
involving  a  particle  from  the  next  shell,  so  there  may  well  be  appreciable 
three-quasi-particle  and  phonon  admixtures  to  the  wave  function  in  those 
cases. 

For  69^  Ai87  there  are  about  a  dozen  cases  of  a  transition  between 
a  proton  p^y^  l«vel  and  the  neutron  p^y^  level  (see  Fig.  43).  For 
these,  the  trend  with  one  exception  is  (with  increasing  A)  increasing  ft 
value  for  odd  jumping  cases  and  decreasing  ft  value  for  even  jumping  as 
expected.  For  the  exception,  a  particularly  fast  even  jumping  case 
32^*39(7  3l‘^®40^?  log  ft  =  4.3,  the  low  ft  value  may  be  due 

to  exceptional  purity  (small  phonon  admixture)  of  the  wave  functions 
owing  to  the  proximity  of  the  nearly  magic  neutron  number,  40.  The 
agreement  here  is  only  qualitative,  but  the  normalization  was  chosen  to 
fit  the  corresponding  even  mass  cases  as  well  (see  below). 


Finally  there  are  for  lOliAilll  a  few  cases  of  a  transition 

between  a  g^  .  proton  and  a  g  ,  neutron  (see  Fig.  44).  The  normal! - 

9/2  7/2 

zatlon  of  the  theoretical  curves  was  chosen  as  a  compromise  to  fit  these 
data  and  the  more  numerous  even  A  (see  below)  cases. 
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The  comparisons  made  above  are  valid  only  if  the  phonon  component 
(or  other  3  or  more  quasi-particle  components)  of  the  wave  functions  may 
be  ignored  or  assumed  to  have  an  effect  independent  of  mass  number. 
Otherwise,  the  matrix  elements  to  this  part  of  the  wave  function  must  be 
included.  However,  such  a  calculation  can  not  be  done  without  essentially 
making  an  absolute  evaluation  of  the  matrix  elements  to  various  single 
particle  levels  as  the  different  levels  will  come  in  with  different 
reduction  factors.  Thus  we  will  not  attempt  such  a  calculation  here. 


There  is  also  some  systematic  data  for  unique  1st  forbidden 
transitions.  For  89^A^97  there  are  a  few  transitions  between  a 
proton  P|y2  ®  neutron  d^^^  level  (see  Fig.  45).  Even 

if  the  ft  value  can  be  used  as  a  measure  of  the  relative  magnitudes  of 
the  matrix  element,  there  are  too  few  data  to  see  a  trend. 


For  123~  A  i  137  there  are  a  few  transitions  between  a  proton 
g  ^^2  level  and  a  neutron  level  (see  Fig.  45).  Once  again 

there  are  too  few  data  to  believe  the  trend  shewn  by  the  experimental 
points  although  the  even  Jumping  cases  here  are  all  lower  than  the  odd 
Jumping  cases. 


B.  Beta-Decay  Matrix  Elements  —  Even  Mass 
The  large  majority  of  even  mass  decays  precede  from  the  ground  state 
of  an  odd-odd  nucleus  to  the  Of  ground  state  or  the  2+  or  higher 
vibrational  state  or  a  two  quasi-particle  state  of  an  adjacent  even-even 
nucleus.  Qy  far  the  most  prevalent  systematic  data  is  for  a  transition 
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from  a  1+  state  by  allowed  P  decay  to  both  the  Of  ground  state  and 
first  excited  2+  state.  For  27  transitions  from  62iAil36  the 
average  log  ft  value  is  4.9  for  the  Of  transition  and  5.5  for  the  2+ 
transltlon.  The  spread  of  values  is  quite  small  (R.M.S.  0.4  for  Of  case). 

The  initial  state  in  this  case  is  primarily  a  two -quasi -particle 
state  of  the  type  or  a  combination  of  such  states.  For 

the  Of  ground  state  transition  the  final  state  is  primarily  the  quasi- 
particle  vacuum  I  Thus  we  must  di8ting\il8h  two  cases 


1) 

N->P 

Odd-Odd  ->  Even-Even 

M^U^Vp  Mg  p_ 

(101) 

2) 

P-»4< 

Odd-Odd  Even-Even 

«=VnUp  Ms.p. 

(102) 

where  M  =  The  operator  here  is  the  spin  operator  ^  , 

S*  Pe 

and  the  neutron  and  proton  levels  must  be  spin  orbit  partners.  If  in 
any  cases  the  two -quasi -particles  forming  1+  were  not  spin  orbit  partners 
l.e.  same  ^  value,  the  transition  would  be  forbidden  and  presumably 
have  a  larger  ft  value.  There  are  three  groups  of  nuclei  corresponding 
to  different  probable  levels  for  the  neutron  and  proton  (see  Figs.  43» 

44>  and  41 •) 

Average 

Proton  Level  Neutron  Level  log  ft 

62iA<82  p$  pj  4.95 

1046  A-£  118  g|  g|  4.73 

118  <  AS  136  d^  d^  4.98 

2  2 

The  reduction  factor  UV  does  not  vary  too  much  as  U  is  a  decreasing 
and  V  an  Increasing  function  of  A.  The  single  particle  matria  element 
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of  C'  does  depend  on  the  value  <  ^oC  being 

larger  for  large  i  .  Thus,  the  g  ^  transitions  should  be  fastest 

as  they  are.  The  above  argument  makes  the  dubious  assumption  of  the  same 
overlap  for  neutron  and  proton  wave  functions  for  each  set  of  quantum 
numbers.  It  also  assumes  pure  qua si -particle  wave  functions.  The 
constancy  of  the  ft's  indicates  that  any  deviation  from  this  picture 
must  have  a  uniform  effect  independent  of  mass. 


Exactly  the  same  reduced  single  particle  matrix  element  of  O'  occurs 
for  those  1+  Of  transitions  as  in  the "one-quasi -particle  -+  one- 
quasi -particle  transitions  previously  described  for  the  same  N  and  P 
states  as  those  making  up  the  1+  level.  Thus,  the  theoretical  reduction 
factor  curves  for  corresponding  single  particle  states  are  plotted  with 
the  same  normalization  in  the  odd-even  even-odd  cases  as  in  the 
corresponding  odd-odd  -*  even-even  plots.  It  is  seen  that  this  same 
normalization  works  fairly  well  in  both  the  even  and  odd  mass  cases 
implying  that  the  reduced  single  particle  matrix  elements  are  the  same 
in  the  two  cases.  This  is  a  nice  verification  of  the  quasi -particle 
picture  for  odd  mass  nuclei  and  the  proton  and  neutron-two-quasi-partlcle 
picture  for  odd-odd  cases.  It  shows  in  fact  that  the  odd -odd  quasi¬ 
particles  are  similar  to  the  more  familiar  odd  mass  quasi-particles. 


The  "Experimental  Single  Shell  Model  Particle  Estimate"  may  be 
obtained  by  setting  the  reduction  factor  equal  to  unity.  The  value  is 
marked  on  each  figure  by  an  arrow.  This  lifetime  is  about  ten  times  the 
value  obtained  (from  the  neutron  and  0^^  decay  rates)  on  the  assumption 


of  perfect  overlap  between  the  neutron  and  proton  orbital  wave  functions. 
The  difference  is  largest  for  the  heaviest  nuclei.  This  discrepancy  may 
be  due  to  lack  of  overlap  between  the  pure  N  and  P  shell  model  states, 
the  omission  of  coupling  to  t^honons,  and  the  omission  of  N-P  shortrange 

•aK  .  . 

forties . 


The  matrix  element  2+  phonon  state  may  easily  be  written 

in  the  QRPA  approximation,  but  terms  with  different  reduction  factors  for 
different  quasi-particle  levels  are  involved  requiring  an  accurate  knowledge 
of  the  N-P  overlap  of  the  different  wave  functions.  For  the  1  phonon 
transition  for  an  N  P  case  the  matrix  element  is 


^  * <4'. Bir< )  1(4 > 


(103) 


Since  N',  P'  are  spin  orbit  partners  and  for  the  cases  considered  there 
is  also  a  large  amplitude  for  N  and  P  to  be  spin  orbit  partners,  the 
main  contribution  to  the  matrix  element  comes  from  those  terms  of  the 
phonon  an^>lltude  with  two  identical  protons  or  neutrons  (in  the  initial 
P  or  N  quasi -particle  state)  coupled  to  2¥,  This  will  be  but  a 
fraction  of  the  phonon  amplitude,  leading  to  a  reduction  of  the  matrix 
element  compared  to  the  ground  stats  transition.  The  angular  momentum 
recoupling  makes  a  further  reduction. 
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The  allowed  transition  to  the  two  phonon  2+  state  may  ^d.so  be  computed. 
This  involves  corrections  to  the  Sawada  commutation  rules  for  the  phonon 
operators  and  should  thus  be  expected  to  give  larger  ft  values  than 
those  for  the  one  phonon  transition.  This  is  in  agreement  with  the 
experimental  observations  for  higher  energy  2+  states. 

All  of  the  calculations  for  Figs.  41-45  have  been  made  with  the 
assumption  of  pure  quasi-particle  states.  It  is  not  easy  to  see  apriori 
how  the  phonon  interactions  change  the  results  because  this  depends  upon 
which  quasi -particles  are  admixed.  However,  there  might  be  expected  a 
tendency  for  the  isotopes  closer  to  the  closed  shells  to  have  smaller  ft 
values  in  some  cases,  which  seems  to  be  bom  out  in  some  of  the  data. 

IX  Conclusions 

For  nuclei  with  proton  numbers  between  28  and  82,  with  the  exception 
of  the  well-known  deformed  nuclei,  we  have  calculated  the  low-energy 
states  in  a  shell  model  with  a  pairing  force  between  the  neutrons  and 
protons  separately  and  a  quadrupole  force  between  all  pairs  of  particles. 

The  Bardeen  approximation  has  been  used  to  Introduce  the  quasi -particles, 
which  approximately  diagonalize  the  pairing  Interaction,  and  the  quasi- 
particle  random  phase  or  dilute  quasi-particle  approximation  has  been 
used  to  introduce  the  phonons,  which  approximately  account  for  the  inter¬ 
action  between  the  quasi -particles  due  to  the  quadrupole  Interaction. 

Studies  are  then  carried  out  to  see  if  the  low-eiiergy  properties  can  be 
at  least  semi -quantitatively  understood  in  terms  of  these  basic  types  of 


excitations . 
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In  the  even-even  nuclei  the  only  states  for  which  there  is  systematic 
experimental  data  are  the  collective  states.  For  these  nuclei  one  can 
approximately  trace  the  extremely  rapid  drop  of  the  first  2+  (one-phonon) 
state  as  one  goes  from  the  single  closed  shell  cases  until  the  energy  of 
these  vibrational  levels  is  about  one -fourth  of  the  gap.  At  about  this 
point  the  vibrations  seem  unstable  in  the  theory  and  the  accuracy  is  lost 
duo  to  the  large  average  number  of  quasi -particles  mixed  into  the  ground 
state.  As  one  adds  particles  above  the  N=82  closed  shell  there  is  a 
very  rapid  drop  in  the  phonon  energy  until  at  about  neutron  number  86 
the  spherical  shape  becomes  unstable.  Thus  for  any  reasonable  choice  of 
parameters  the  deformation  is  expected  to  appear  rather  suddenly  at 
around  mass  number  150.  The  transition  into  the  deformed  region  above 
mass  number  190  is  much  more  gradual,  so  that  one  can  make  the  theory 
predict,  e.g.,  either  that  all  of  the  Pt  nuclei  and  say  Os^^®  and  08192 
are  spherical  or  that  all  of  the  Os  nuclei  are  unstable  and  only  the 
heaviest  Ft  nuclei  are  spherical,  with  moderate  changes  in  the  parameters. 

Other  possible  regions  of  instability  of  spherical  shape  occur  for 
either  protons  or  neutrons  near  the  middle  of  the  g^  shell  and  for  the 
neutron  defflcient  Xe  and  Ba  isotopes.  Ii.  these  cases  the  tendency  for 
deformation  does  not  seem  so  strong,  and  with  reasonable  changes  in  the 
parameters  one  could  find  consistency  with  a  spherical  shape. 

For  the  odd-mass  Isotopes  the  two  basic  excitations,  the  quasi -particles 
and  the  phonons,  both  appear  in  the  states  which  we  consider.  Although  for 
the  single  closed  shell  Isotopes  the  quasi -particle  states  are  the  only  ones 
for  which  there  is  systematic  Information,  the  states  with  one  phonon 
excitation  enter  the  picture  rather  quickly  when  one  has  both  neutrons 
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and  protons  outside  of  the  closed  shells.  For  nuclei  with  mass  numbers 
lOO^A^lSO  and  1905  A"!  208  the  effects,  often  large,  of  the  quadrupole 
interaction  upon  the  quasi-particle  spectrum  improve  the  agreement  with 
experiment  in  almost  every  case.  The  positions  of  levels  which  arise 
from  pure  quasi -particle  states,  and  the  energy  at  which  one  begins  to 
see  states  which  arise  from  one  phonon  and  one  quasi-particle  states 
(in  the  absence  of  the  quasi -particle-phonon  interaction)  occur  at 
approximately  the  energies  given  by  experiment,  within  the  accuracy 
expected  by  the  simple  forces  and  aproximations  used  in  this  work.  The 
coupling  scheme  seems  to  be  maintained  especially  well  for  the  isotopes 
from  jySn  to  and  one  can  follow  a  number  of  interesting  details  of 

the  spectra. 

In  the  region  below  the  Sn  isotopes  the  general  coupling  schemS  seems 
to  be  completely  adequate  only  for  cases  in  which  at  least  one  kind  of 
particle  is  near  the  28,  38,  40,  or  50  closed  shell.  The  most  striking 
discrepancy  is  the  appearance  of  low-lying  7/2+  states  in  nuclei  which 
in  a  pure  shell  model  would  be  described  as  having  three  or  five  particles 
or  holes  in  the  g^  level.  This  suggests  that  either  the  three  quasi¬ 
particle  states  are  playing  an  important  role  or  that  the  strong  quadrupole 
interaction  makes  necessary  a  quite  different  coupling  scheme.  In  many 
cases  for  Z<50  and  Ni50,  such  as  the  Ag  isotopes,  the  other  levels  can 
be  accounted  for  withlii  the  accuracy  of  the  methods  but  at  this  point  one 
is  very  uncertain  about  the  accuracy  of  the  wave  functions  for  these  levels. 
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There  is  also  evidence  for  the  need  of  a  neutron-proton  interaction 
in  addition  to  the  quadrupole  interaction.  In  the  even  isotopes  this  is 
suggested  by  the  fact  that  the  phonon  energies  for  the  single  closed  shell 
isotopes  cannot  be  fit  with  the  same  quadrup>ole  parameters  as  apply  for 
the  cases  with  both  neutrons  and  protons.  The  clearest  evidence  in  the 
odd-^ss  isotopes  is  found  in  the  cases  with  one  and  three  {Article  away 
from  the  single  closed  shells  and  in  general  tendencies  for  motion  of 
certain  effective  single -particle  levels  with  changes  in  the  mass  number. 

In  addition,  for  the  isotopes  between  Ni  and  Sr  the  inclusion  of  a  neutron- 
proton  short  range  force  seems  to  be  even  more  important  because  of  the 
tendency  for  neutrons  and  protons  to  be  in  the  same  j -levels. 


Although  there  is  a  large  body  of  accurate  data  on  the  magnetic  dipole 
moments,  one  does  not  seem  to  be  able  to  gain  from  this  much  systematic 
information  about  the  details  of  the  wave  functions  for  spherical  nuclei. 
One  can  see  the  effects  of  the  seniority  three  admixtures,  Introduced  by 
the  short-range  force,  moving  the  values  of  the  qua si -particle  moments 
away  from  the  single -particle  Values)  but  the  results  are  rather  insensi¬ 
tive  to  rather  large  admixtures  of  phonons.  However,  one  interesting 
result  is  that  the  phonon  admixtures  can  account  for  the  deviation  of  the 
nuclei  from  the  single  particle  values,  which  is  not  possible  with  a 
j -function  interaction. 


There  is  less  systematic  accurate  data  for  the  quadrupole  moments 
and  much  more  uncertainty  in  t^e  calculation  4ue  to  the  large  effects  of 
the  quadrupole  force  and  the  strong  dependence  upon  the  parameters.  Using 
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the  no-phonon  and  one-phonon  parts  of  the  wave  functions,  the  general 
systematic  experimental  trends  of  these  moments  are  followed  by  the 
theoretical  calculations,  indicating  that  the  most  important  physical 
effects  seem  to  be  accounted  for.  As  more  data  accumulates,  more  nearly 
accurate  calculations  with  further  studies  of  the  dependence  upon  the 
parameters  would  be  useful. 

The  transition  rates  for  the  one -phonon  E2  transitions  are  generally 
consistent  with  an  effective  charge  of  2e  for  the  proton  and  le  for  the 
neutron,  but  tend  to  become  too  large  as  the  vibrations  become  softer . 

The  cross-over  transitions  from  the  two -phonon  2+  states  are  much  more 
sensitive  to  the  parameters,  depending  upon  the  microscopic  make-up  of 
the  collective  states  in  terms  of  the  shell  model  particles.  However, 
further  studies  are  needed  in  order  to  calculate  accurately  these  as  well 
as  other  effects  such  as  the  M1-E2  admixtures  in  terms  of  the  microscopic 
structure. 

The  other  electromagnetic  transitions  for  which  there  is  good  systematic 
data  and  which  apparently  can  be  easily  Interpreted  are  the  transitions 
in  odd-mass  nuclei.  For  these  the  effects  of  the  pairing  correlations  in 
mixing  particle  and  hole  transitions  tend  to  maintain  the  single-particle 
transition  rate  and  are  in  agreement  with  the  systematic  trends.  One  can 
also  see  the  influence  of  the  phonon  interactions  which  can  account  for  the 
further  systematic  reductions  in  the  transition  rates  which  are  found  as 
one  leaves  the  single  closed  shells.  In  addition  there  is  a  large  body  of 
systematic  data  on  the  ^-transitions  involving  only  the  O' -operator ,  and  the 
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effects  of  the  pairing  correlations  are  in  agreement  with  the  systematic 
trends.  By  further  calculations  of  transition  rates  with  the  states  com¬ 
posed  of  quasi-particles  and  bosons  one  will  know  in  greater  detail  the 
accuracy  of  the  coupling  scheme  which  has  been  used  in  this  work. 
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In  this  appendix  we  give  the  expressions  for  quasl-partlcles  vector 
coupled  to  form  tensor  operators  with  the  usual  (Condon-Shortley)  phases. 
The  double  quasl-partlcle  creation  operator  of  rank  L  la  defined  as 

Vm  X />  I  ''I  ^1 

M  -t/i  Wll  «•  1/ 


*«v>0 


(Al) 


+ 1  (-0 


A,+  jt^+ji+W^  t  1 

'  A  fxJ 


The  quasl-partlcle  "scattering"  operator  of  rank  L  Is  defined  as 

-n^"  f ft,.,  4  £ 

Jf  I 

V(\x>0  •1h»>d 


(A2) 


+  Z(-0 


ft.-". 

Wix<0 


i»-f  jj+Jx+Wi-Wx  t 


J*.  J»  t 


Tit  J 


The  commutation  rules  which  are  satisfied  by  these  operators  are 

[A‘,r  ,  A^;'  'j  -  S'..'  Shh'  (  in 

(A3) 

-f  terms  '■'»  A  > 

and 


orc„^' 


(A4) 


c  ^  W(sj,  L j,  'jjiSO  3 


It  Is  also  possible  to  work  directly  with  quasl-partlcles  defined 

*56 

in  terms  of  Condon-Shortley  phases."' 


APPENDIX  II 
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In  this  appendix  tables  are  given  for  the  solution  of  the  pairing 
equations  Eq.  (4)  and  for  the  lowest  few  wave  functions  resulting  from 
matrix  diagonalization  of  the  odd-A  odd  nucleon  interacting  with  the 
phonon  Eq.  (47) .  A  table  is  presented  for  the  odd  particles  being  in 
each  of  the  major  shells  28  ^  N  5  50,  50  5.  N  i  82,  and 

82  <  N  ^  126.  (T».b]ef  >M-9> 

Within  each  shell  the  single  particle  energies  are  given  a  smooth  A 
dependence  of  the  following  form: 

(Bl) 


JA 

The  first  term  gives  the  general  A  ^  compression  while  the  second 
term  applies  to  spin  orbit  pairs.  If  in  the  shell  both  J  =  ^  ^  states 

are  present: 


(B3) 


If  only  one  of  the  levels  is  present  in  the  shell: 


"  7  . 


(B4) 


or 


i-i 


+ 1  A*  ■ 


(B5) 


In  addition  in  some  regions,  a  special  N  or  Z  dependent  shift  was 
given  to  a  level.  This  is  indicated  by  the  term  A  Cj  (2*  N)* 
order  that  the  single  particle  levels  may  easily  be  reconstructed  by 
means  of  these  formulae,  or  roughly  by  interpolation,  the  values  of 
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6j(A)  given  for  t}ie  beginning  and  end  of  each  region.  Furthermore, 
the  special  shifts  A  £  j  will  be  explicitly  indicated  for  each  region. 
The  value  of  G  =  const,  x  A~^  is  also  listed  for  each  region. 

In  the  tables  the  first  column  lists  the  isotope  species  with  its  Z 
and  N  values  and  the  next  column  the  mass  number.  Columns  3  £^nd  4  list 
the  X  and  A  from  which  Ej  »  Uj  ,  Vj  etc.  may  be  computed. 

The  remaining  columns  list  the  no-phonon  and  one-phonon  amplitudes  (See 
Eq.  54)  of  the  wave  function  of  the  lowest  state  or  states  of  spin  j 


listed  in  column  5. 
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We  list  in  tiiis  appendix  the  matrix  elements  which  are  used  in 
Cpt.  V  for  the  calculation  of  the  iiagnetic  dipole  moments. 


1 .  Matrix  elements  of  the  phonon  angular  momentum  R  : 

z 


-  -  r  r 

~  ^  JCJ+/) 


(Cl) 


(C2) 


(C3) 


2.  Matrix  elements  of  the  particle  part  of  the  magnetic  moment 
operator: 

_  j  r  c  I  »  j 

I  a-j  fj+i)  ~  —— -X  i  j 


B’3j„  1!,> 

->»,'Cr^4  j4-  +  (C6) 

<r>j- ce a^^Jj  ( A.A|r4 

-  ^  ..  (c?) 

- zTTmj 

(C8)  ^ 

‘  ‘  *  ^  hlTTJjZhTj  fjf 


Table  A-l  28  5  Z  ^  40  31  -  N  i  49  0=24/A 
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it 

The  single  particle  neutron 

^7/2  P3/2  ^5/2  P1/2 

-4.00  0.00  0.00  3.00 

-3.27  0.11  -0.26  2.37 

For  Ni  the  ^^^2  '^06  included  and  G 

levels  are  ( €j  in  Mev.); 
89/2 

4.00  A  =  58 

0 

3.68  A  =  89 

26 

was  increased  to  /A  . 

Isotope 

A 

X 

A 

j 

Joo 

c-5 

7/2 ’2 

5/2 ’2 

cJ 

3/2 '2 

C** 

V2  12 

9/2  12 

28  Ni  31 

59 

-0.69 

1.33 

3/2 

.77 

« 

-.20 

.36 

.37 

5/2 

.76 

.39 

.18 

-.35 

28  —  33 

61 

-0.14 

1.51 

3/2 

.88 

* 

-.06 

.20 

.37 

5/2 

.89 

.10 

.05 

-.35 

28  ~  35 

63 

0.45 

1 .48 

3/2 

.90 

.17 

-.30 

.24 

5/2 

.89 

-.35 

-.14 

-.20 

30  Zn  35 

65 

0.52 

1 .64 

3/2 

.79 

3k 

.14  ■ 

-.35 

.19 

5/2 

.81 

.14 

-.42 

-.25 

*.18 

1 

1 

O 

67 

1.27 

1 .38 

3/2 

.73 

.31 

.19 

-.49 

.04 

5/2 

.73 

.12 

-.53 

-.32 

-.03 

32  Ge  39 

71 

2.17 

1 .30 

9/2 

.61 

.68 

1/2 

.68 

.36 

.50 

32  —  41 

73 

2.95 

1 .28 

9/2 

.62 

.68 

1/2 

.67 

.39 

.48 

32  ~  43 

75 

3.48 

1.29 

1/2 

.68 

.39 

.47 

32  ~  45 

77 

3.90 

1.19 

1/2 

.69 

.39 

.45 

34  Se  41 

75 

2.94 

1 .22 

5/2 

.38 

.07 

-.32 

-.22 

.67 

1 

1 

77 

3.46 

1.24 

1/2 

.70 

.38 

.46 

1 

1 

79 

3.88 

1.16 

1/2 

.75 

.37 

.42 

34  —  47 

81 

4.23 

.95 

1/2 

.81 

.34 

.38 

36  Kr  43 

79 

3.43 

1.21 

1/2 

.68 

.39 

.47 

36  —  45 

81 

3.85 

1.13 

1/2 

.79 

.35 

.40 

36  —  47 

83 

4.20 

0.92 

9/2 

.83 

-.52 

1 

1 

vO 

85 

3.71 

0.00 

9/2 

.66 

-.70 

38  Sr  49 

87 

3.69 

0.00 

9/2 

.94 

-.33 

40  Zr.  49 

89 

3.67 

0.00 

9/2 

.99 

-.10 

Table  A2  36  ^  Z  i  50  51  i  N  <  75  G=23/A 
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The  single  particle  neutron  levels  are  ( £j  in  Mev) 


‘*5/2 

®  7/2 

"1/2 

*^11/2 

‘*3/2 

-0.14 

2.75 

l.U 

2.60 

3.32 

A  =  87  (Z  =  37) 

0.00 

0.80 

1.30 

2.50 

2.80 

A  =  120 

0 

Compared  to  the  values  the  given  a  special  shift 

4  £  7/2  =  -1^  (50-Z)  Mev. 


Isotope 

A 

A 

J 

c-f 

JOO 

V2I2 

nJ 

5/2  *2 

>2  12 

"=1/2  12 

36  Kr  51 

87 

-0.14 

0.00 

5/2 

.83 

-.05 

.42 

.08 

-.28 

38  Sr  51 

89 

-0.13 

0.00 

5/2 

.99 

-.02 

.11 

.03 

-.07 

40  Zr  51 

91 

-0.12 

0.00 

5/2 

.98 

-.03 

.16 

.04 

-.12 

c 

t 

1 

93 

-0.26 

0.81 

5/2 

.95 

-.05 

.15 

.08 

-.24 

42  Mo  53 

95 

-0.26 

0.81 

5/2 

.93 

-.06 

.19 

.08 

-.27 

42  —  55 

97 

0.16 

1 .01 

5/2 

.93 

-.06 

-.24 

.08 

-.23 

44  Ru  53 

97 

-0.27 

0.81 

5/2 

.92 

-.07 

.21 

.08 

-.28 

44  —  55 

99 

0.16 

1 .01 

5/2 

.89 

-.09 

-.23 

.11 

-.33 

44  —  57 

101 

0.57 

1.13 

5/2 

.78 

-.05 

-.57 

.10 

-.09  ' 

1 

1 

103 

0.96 

1 .25 

5/2 

.59 

.09 

-.56 

.01 

.42 

46  Pd  57 

103 

0.44 

1.13 

5/2 

.85 

-.05 

-.47 

.08 

-.14 

46  —  59 

105 

0.83 

1 .26 

5/2 

.76 

.06 

-.56 

.05 

.21 

46  —  6l 

107 

1.14 

1.31 

5/2 

.61 

.12 

-.51 

.02 

.47 

46  —  63 

109 

1.44 

1 .32 

5/2 

.53 

.11 

-.47 

.01 

.56 

46  —  65 

111 

1.69 

1 .32 

5/2 

.49 

.10 

-.46 

-.01 

.57 

48  Cd  59 

107 

0.70 

1.27 

5/2 

.84 

.05 

-.51 

.06 

.06 

7/2 

.82 

.38 

-.03 

-^.32 

I 

o^ 

109 

1.01 

1.30 

5/2 

.76 

.12 

-.50 

.04 

.32 

7/2 

.91 

.15 

-.08 

-.30 

1/2 

.85 

.24 

-.39 

3/2 

-.57 

.48 

.06 

-.33 

-.48 

48  —  63 

111 

1.31 

1.31 

5/2 

.66 

.14 

-.45 

.01 

.49 

11/2 

.71 

.63 


Table  A2  (continued) 
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Isotope 

A 

X 

A 

j 

joo 

"7/2 12 

c-J 

5/2 '2 

cJ 

’V2 

1/2 

.85 

.36 

-.32 

3/2 

-.61 

.38 

.05 

-.34 

-.53 

48  —  65 

113 

1.59 

1.32 

5/2 

.56 

.13 

-.42 

-.01 

.58 

11/2 

.72 

.62 

1/2 

.83 

.45 

-.24 

3/2 

.62 

-.25 

-.04 

.37 

.56 

48  ~  67 

115 

1 .86 

1.30 

1/2 

.81 

.51 

-.12 

11/2 

.75 

.60 

50  Sn  59 

109 

0,58 

1 .21 

1/2 

.93 

-.04 

-.34 

50  ~  61 

111 

0.88 

1.24 

1/2 

.93 

.12 

-.32 

7/2 

.98 

-.01 

-.06 

-.18 

50  —  63 

113 

1.18 

1.25 

1/2 

.93 

.24 

-.27 

7/2 

.97 

-.18 

-.08 

-.13 

50  —  65 

115 

1.49 

1.23 

1/2 

.91 

.33 

-.20 

3/2 

.85 

-.15 

-.01 

.36 

.32 

11/2 

.87 

.47 

50  —  67 

117 

1.79 

1.22 

1/2 

.91 

.38 

-.10 

3/2 

.92 

-.01 

.03 

.36 

.16 

11/2 

.91 

.40 

O 

1 

119 

2.07 

1 .20 

1/2 

.92 

.38 

-.01 

3/2 

.95 

.08 

.06 

.29 

-.01 

11/2 

.96 

.26 

1 

1 

o 

121 

2.34 

1.17 

1/2 

.91 

.37 

.14 

3/2 

.96 

.13 

.08 

.20 

-.09 

11/2 

.99 

.11 

50  —  73 

123 

2.57 

1.11 

1/2 

.87 

.35 

.31 

3/2 

.97 

.16 

.08 

.09 

-.15 

11/2 

.99 

.06 

50  ~  75 

125 

2.79 

1.03 

1/2 

.84 

.30 

.43 

3/2 

.97 

.16 

.07 

-.03 

-.15 

11/2 

.98 

.18 

18 


Table  A3  52  ^  Z  -  60  69  -  N  ^  8l  G  =  23/A 
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The  airtgle  particle  neutron  levels  are  (  e.j  in  Mev) ; 


‘^5/2 

0.00 

0.06 

*7/2 

0.80 

0.69 

*1/2 

1.30 

1.23 

Ni/2 

2.50 

2.44 

*^3/2 

2.80  A 

0 

2.57  A 

=  120 

•=  141 

Isotope 

A 

X 

A 

J 

joo 

pj  pj 

7/2^2  S/2 12 

3/212 

cJ 

1/2 ’2 

S  1/2  12 

52  Te  69 

121 

2.06 

1.17 

1/2 

.77 

.56 

.03 

3/2 

.80 

.18 

.13 

.48 

-.19 

11/2 

.81 

.55 

52  —  71 

123 

2.32 

1.15 

1/2 

.77 

.52 

.23 

3/2 

.81 

.24 

.13 

.33 

-.33 

11/2 

.96 

.27 

52  —  73 

125 

2.56 

1.09 

1/2 

.74 

.U 

.43 

3/2 

.87 

.26 

.12 

.12 

-.33 

11/2 

.99 

-.11 

52  —  75 

127 

2.77 

1.01 

1/2 

.68 

.35 

.58 

3/2 

.90 

.25 

.11 

-.09 

-.28 

11/2 

.94 

-.34 

54  Xe  73 

127 

2.54 

1.07 

1/2 

.66 

.49 

.43 

3/2 

.68 

.30 

.15 

.06 

-.51 

11/2 

.98 

-.17 

54  ~  75 

129 

2.75 

0.99 

1/2 

.61 

.39 

.59 

3/2 

.76 

.30 

.13 

-.16 

-.41 

11/2 

.85 

-.49 

54  —  77 

131 

2.95 

0.87 

1/2 

.57 

.30 

.68 

3/2 

.80 

.26 

.11 

-.31 

-.31 

11/2 

.80 

-.55 

54  ~  79 

133 

3.13 

0.70 

1/2 

.54 

.23 

.74 

3/2 

.85 

.22 

.09 

-.36 

-.23 

11/2 

.82 

-.53 

5 

1 

1 

135 

2.63 

0.00 

1/2 

.64 

.00 

.77 

table  A3  (continued) 
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Isotope  A 


56  Ba  75  131 

56  —  77  133 

56  —  79  135 

56  —  81  137 

58  Ce  81  139 


X 

j 

joo 

7/2^2 

cJ 

cJ 

S/2 12 

“Vj  '2 

O'! 

3/2 

.99 

.00 

.00 

.00 

.00 

11/2 

.99 

.00 

2.74 

0.97 

1/2 

.60 

.42 

.58 

3/2 

.63 

.31 

.14 

-.19 

-.46 

11/2 

.80 

-.56 

2.93 

0.86 

1/2 

.56 

.32 

.68 

3/2 

.76 

.28 

.12 

-.34 

-.34 

11/2 

.76 

-.59 

3.11 

0.69 

1/2 

.56 

.22 

.74 

3/2 

.87 

.21 

.09 

-.33 

-.22 

11/2 

.85 

-.50 

2.61 

0.00 

1/2 

.79 

.05 

.61 

3/2 

.99 

.03 

.01 

-.04 

-.03 

11/2 

.99 

-.09 

2.59 

0.00 

3/2 

.99 

.04 

.02 

-.04 

-.04 

11/2 

.99 

-.10 

2.57 

0.00 

3/2 

.99 

.03 

.01 

-.03 

-.03 

11/2 

.99 

-.08 

60  Nd  81  HI 
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Table  A4 

58  Z-^  62 

83  i  N 

i  87 

G  =  22/a 

The  single  particle 

neutron 

levels 

are  (  £J  in  Mev): 

^9/2 

V2  ^13/2 

P3/2 

V2 

Pl/2 

-.84 

-.12  .63 

1.60 

2.18 

2.76  A  =  141 

-.90 

.00  .72 

1.45 

1.78 

2.35  =  207 

(The  figure  used  a  calculation  with  £  ^  higher.) 


Isotope 

A 

A 

A 

j 

joo 

S/2  12 

S/2  12 

cJ 

58  Ce  83 

141 

-0.84 

0.00 

7/2 

.99 

.00 

.00 

.00 

.00 

60  Nd  83 

143 

-O.84 

0.00 

7/2 

.99 

.00 

.00 

.00 

.00 

60  —  85 

145 

-1.39 

0.72 

7/2 

.66 

-.15 

.56 

.07 

-.29 

5/2 

-.32 

.74 

.18 

-.20 

-.13 

.12 

3/2 

-.44 

.66 

.12 

-.30 

-.16 

60  ~  87 

147 

-1.19 

0.89 

7/2 

.58 

-.10 

.55 

.08 

-.37 

5/2 

-.37 

.57 

.25 

-.28 

-.25 

.21 

3/2 

-.44 

.60 

.13 

-.35 

-.20 

62  Sm  85 

147 

-1.38 

0.71 

7/2 

.70 

-.16 

.55 

-.07 

-.27 

5/2 

-.32 

.77 

.17 

-.19 

-.12 

.11 

3/2 

-.46 

.68 

.12 

-.28 

-.15 

62  —  87 

149 

-1.18 

0.87 

7/2 

.61 

-.10 

.56 

.08 

-.35 

5/2 

-.37 

.62 

.25 

-.26 

-.23 

.19 

3/2 

-.45 

.62 

.13 

-.33 

-.19 

Table  A5  76  ^  Z  <  82  1 11  5  N  ^  125  G  =  22/A 
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The  single  particle  neutron  levels  are  the  same  as  in  Table  kU 


Isotope 

A 

A 

A 

joo 

cJ 

7/2  12 

5/2  '2 

cJ 

Vs 

cJ 

13/2I2 

76  Os  113 

189 

1 .28 

0.87 

3/2 

.45 

.22 

-.18 

.18 

.57 

76  —  115 

191 

1.46 

0.80 

9/2 

.11 

-.01 

.80 

78  Pt  115 

193 

1.46 

0.80 

1/2 

-.58 

.60 

.46 

3/2 

.81 

.28 

-.13 

.00 

.37 

5/2 

.72 

.05 

.42 

.11 

-.40 

13/2 

.65 

-.66 

78  —  117 

195 

2.64 

0.72 

1/2 

.62 

-.61 

-.43 

3/2 

.85 

.30 

.00 

-.29 

.22 

5/2 

.85 

.06 

.29 

.01 

-.35 

13/2 

.66 

-.66 

78  —  119 

197 

2.81 

0.63 

1/2 

.73 

-.59 

-.29 

3/2 

.85 

.26 

.11 

-.40 

.07 

5/2 

.95 

.06 

-.01 

-.13 

-.21 

13/2 

.70 

-.64 

80  Hg  115 

195 

1.46 

0.80 

1/2 

-.65 

.57 

.46 

3/2 

.95 

.19 

-.09 

.01 

.20 

5/2 

.89 

.03 

.32 

.09 

-.25 

13/2 

.82 

-.53 

80  —  117 

197 

1.64 

0.71 

1/2 

.70 

-.58 

-.37 

3/2 

.94 

.22 

.00 

-.19 

.14 

5/2 

.94 

.04 

.20 

.00 

-.23 

13/2 

.78 

-.57 

80  —  119 

199 

1.81 

0.63 

1/2 

.77 

-.57 

.23 

3/2 

.88 

.23 

.11 

-.36 

.07 

5/2 

.97 

.05 

.00 

-.10 

-.19 

13/2 

.74 

-.60 

80  —  121 

201 

1.98 

0.53 

1/2 

.95 

-.28 

.06 

3/2 

.85 

.20 

.22 

-.39 

-.03 

5/2 

.95 

.05 

-.23 

-.15 

1 

• 

o 

13/2  .76 


-.59 


Table  A5  (continued) 
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Isotope 

A 

X 

A 

j 

O'] 

joo 

cJ 

3/2 12 

’3/2  12 

80  ~  123 

203 

2.17 

0.38 

1/2 

.97 

.14 

.16 

3/2 

.82 

.16 

.31 

-.35 

-.24 

5/2 

.91 

.05 

-.36 

-.13 

.08 

13/2 

.81 

-.54 

82  Pg  115 

197 

1 .46 

0.79 

3/2 

.99 

.12 

-.04 

.01 

.10 

5/2 

.96 

,02 

.14 

.04 

-.13 

13/2 

.97 

-.26 

82  —  117 

199 

1 .64 

0.71 

3/2 

.99 

.11 

.00 

-.06 

.05 

5/2 

.99 

.02 

.07 

.00 

-.09 

13/2 

.97 

-.24 

82  —  119 

201 

1 .81 

0,62 

3/2 

.99 

.09 

.03 

-.09 

.02 

5/2 

.99 

.02 

.00 

-.02 

-.05 

13/2 

.98 

-.20 

82  —  121 

203 

1.98 

0.52 

3/2 

.99 

.08 

.06 

-.10 

-.01 

5/2 

.99 

.02 

-.05 

-.03 

-.02 

13/2 

.98 

-.17 

82  ~  123 

205 

2.17 

0.38 

1/2 

.99 

.02 

.03 

3/2 

.99 

.05 

.07 

-.09 

-.05 

5/2 

.99 

.01 

-.08 

-.03 

.01 

7/2 

-.03 

.00 

.99 

-.01 

9/2 

.04 

.00 

.99 

13/2 

.99 

-.13 

82  —  125 

207 

2.35 

0.00 

1/2 

.99 

.00 

.00 

Table  A6 


29  i  Z  39  34  1  N  <  50  G  -  24/A 
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The  single  particle  proton  levels  are  (  £j  In  Mev) 


*  For 

^7/2  ^5/2 

-4.15  .87 

-4.60  -.60 

A  special  shift 

that  e  °7/2(A, 

Cu  the  ^7/2 

P3/2  ^1/2  ^9/2 

-.08  2.18  2.95  Z  =  30  N  =  34 

.00  1.80  2.80  Z  =  40  N  =  50  A  =  90 

0 

A  S  7/2  “  ^  ^  5/2  “  l  (N-40)  is  included  so 

3)  =  -3.50  and  =  +0.50. 

was  not  included  and  G  increased  to  26/A. 

Isotope 

A 

X 

A 

■ 

1 

5/2 '2 

cJ 

3/2  12 

V2  '2 

29  Cu 

34 

63 

-0,08 

0.00 

3/2 

.85 

* 

-.20 

.33 

.28 

29  — 

36 

65 

-0.08 

0.00 

3/2 

.84 

* 

-.21 

.32 

.30 

3»  Ga 

36 

67 

-0.40 

1.47 

3/2 

.79 

.21 

-.18 

.19 

.40 

31  -- 

38 

69 

-0.38 

1.42 

3/2 

.74 

.21 

-.18 

.20 

.44 

33  Ag 

40 

73 

0.20 

1.52 

3/2 

.71 

.35 

-.05 

-.27 

.37 

33  ~ 

42 

75 

0.09 

1.45 

3/2 

.67 

.32 

-.04 

-.19 

.44 

33  ~ 

44 

77 

-0.02 

1.38 

3/2 

.74 

.27 

-.04 

-.07 

.44 

35  Br 

42 

77 

0.59 

1 .48 

3/2 

.66 

.35 

.10 

-.51 

.15 

35  - 

44 

79 

0.46 

1 .39 

3/2 

.77 

.28 

.13 

-.44 

.19 

35  — 

46 

81 

0.33 

1.30 

3/2 

.85 

.23 

.14 

-.33 

.20 

35  — 

48 

83 

0.20 

1 .20 

3/2 

.92 

.19 

.12 

-.19 

.19 

37  Rb 

48 

85 

0.77 

1.04 

3/2 

.88 

.17 

.17 

-.38 

.05 

5/2 

.85 

.06 

-.45 

-.22 

-.01 

37  - 

50 

87 

0.68 

0.93 

3/2 

.92 

.16 

.14 

-.30 

.06 

5/2 

.89 

.06 

-.40 

-.19 

-.01 

39  Y 

50 

89 

1.47 

0.95 

1/2 

.99 

.11 

.12 
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Table  A7  37  ^  Z  <  i^9  50  ^  N  ^  70  G  =  26/A 

The  single  particle  proton  levels  are  (  in  Mev) 


^5/2 

P3/2 

^1/2 

^9/2 

0.00 

0.60 

1.80 

3.40 

II 

0 

<< 

-0.10 

0.58 

1.60 

2.30 

A  =115 

A  special  shift  A  £  ^^2  ~  “.055  (N-50)  is  included. 


Isotope 

A 

A 

A 

J 

joo 

S/2  12 

pj  P  J 

3/2 12  ^2^2 

% 

37  Rq  50 

87 

-  1.35 

0.96 

3/2 

.97 

.12 

-.21  .03 

39  Y  50 

89 

1 .84 

0.36 

1/2 

.99 

.09 

.09 

41  Ng  50 

91 

2.54 

0.88 

1/2 

.93 

.13 

.15 

9/2 

.98 

.17 

41  —  52 

93 

2.46 

0.88 

1/2 

.88 

.29 

.34 

9/2 

.84 

.50 

4t  -  54 

95 

2.37 

0.88 

1/2 

.85 

.32 

.37 

9/2 

.81 

.55 

43  To  52 

95 

2.94 

0.98 

9/2 

.96 

.28 

1 

1 

VY 

97 

2.83 

0.97 

9/2 

.93 

.37 

1 

1 

99 

2.71 

0.97 

9/2 

.90 

.42 

43  —  58 

101 

2.60 

0.96 

9/2 

.81 

.55 

45  Rh  56 

101 

3.05 

0.91 

1/2 

.76 

.37 

.43 

9/2 

.99 

-.17 

45  -  58 

103 

2.93 

0.90 

1/2 

.73 

.38 

.45 

9/2 

.98 

-.21 

45  ~  60 

105 

2.82 

0.89 

1/2 

.69 

.40 

.46 

9/2 

.95 

-.29 

47  Ag  58 

105 

3.23 

0.75 

1/2 

.77 

.36 

.43 

47  —  60 

107 

3.11 

0.75 

1/2 

.76 

.36 

.44 

46  —  62 

109 

2.99 

0.74 

1/2 

.75 

.37 

.44 

47  —  64 

111 

2.87 

0.73 

1/2 

.73 

.38 

.45 

47  —  66 

113 

2.75 

0.73 

1/2 

.70 

.39 

.46 

Table  A7  (continued) 
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Isotope 

A 

J 

49  In  62 

lit 

2.60 

0.00 

t/2 

9/2 

49  - 

-  64 

113 

2.48 

0.00 

1/2 

9/2 

49  - 

-  66 

115 

2.36 

0.00 

t/2 

9/2 

49  - 

-  68 

117 

2.24 

0.00 

1/2 

9/2 

49  - 

-  70 

119 

2.12 

0,00 

1/2 

9/2 

.J 

'Joo 

3/2  12  S/2 12 

"9/2 12 

.87 

.85 

.29 

.35 

-.49 

.88 

.86 

.29 

.35 

-.48 

.87 

.86 

.29 

.35 

-.49 

.87 

.86 

.29 

.35 

-.48 

.89 

.87 

.27 

.33 

-.47 

Table  A8  51  -  Z  -  6l  64  -  N  i  88  0  =  231 A 
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The  single  particle  proton  levels  are  (  €j  in  Mev): 


87/2 

0.26 

0.00 

^5/2 

0.78 

0.80 

Ni/2 

2.29 

2.10 

**3/2  "1/2 

3.45  3.59 

2.60  2.95 

A 

A 

0 

-  115 

=  207 

Isotope 

A 

A 

A 

J 

O'! 

joo 

.j 

'5/2  12 

S/2  12 

51  Sb  64 

115 

0.26 

0.00 

7/2 

.87 

.43 

.12 

-.15 

5/2 

.81 

-.18 

.47 

.10 

-.19 

51  —  66 

117 

0.25 

0.00 

7/2 

.86 

.43 

.12 

-.16 

5/2 

.80 

-.19 

.48 

.10 

-.19 

51'  —  68 

119 

0.24 

0.00 

7/2 

.87 

.43 

.11 

-.15 

5/2 

.80 

-.19 

.47 

.10 

-.19 

51  --  70 

121 

0.23 

0.00 

7/2 

.88 

.41 

.11 

-.14 

5/2 

.82 

-.19 

.46 

.09 

-.17 

51  —  72 

123 

0.23 

0.00 

7/2 

.89 

.40 

.10 

-.13 

5/2 

.83 

-.20 

.45 

.09 

-.16 

51  —  74 

125 

0.22 

0.00 

7/2 

.90 

.38 

.10 

-.12 

5/2 

.84 

-.20 

.44 

.08 

-.15 

53  I  72 

125 

r0.15 

0.69 

7/2 

.73 

.52 

.20 

-.22 

5/2 

.64 

-.18 

.57 

.11 

-.25 

1/2 

-.37 

.71 

.29 

53  --  74 

127 

-0.15 

0.68 

7/2 

.79 

.49 

.18 

-.20 

5/2 

.69 

-.18 

.56 

.10 

-.22 

1/2 

-.37 

.74 

.27 

53  —  76 

129 

-0.14 

0.67 

7/2 

.85 

.44 

.14 

-.17 

5/2 

.73 

-.18 

.54 

.10 

-.19 

1 

1 

131 

-0.14 

0.65 

7/2 

.91 

.36 

.11 

-.14 

5/2 

.80 

-.18 

.49 

.09 

-.17 

55  Cs  74 

129 

0.10 

0.81 

7/2 

.74 

.27 

.37 

-.28 

- 

5/2 

.64 

-.11 

.56 

.12 

-.29 

1/2 

-.39 

.71 

.31 

55  —  76 

131 

0.10 

0.79 

7/2 

.88 

.22 

.25 

-.23 

Table  A8  (continued) 
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Isotope 

A 

A 

A 

j 

5/2 

1/2 

1 

t 

133 

0.10 

0.77 

7/2 

5/2 

1/2 

1 

1 

o 

135 

0.10 

0,76 

7/2 

5/2 

55  —  82 

137 

0.10 

0.74 

7/2 

5/2 

57  80 

137 

0.35 

0.82 

7/2 

5/2 

1/2 

57  —  82 

139 

0.35 

0.80 

7/2 

5/2 

59  Pr  82 

141 

0.60 

0.82 

7/2 

5/2 

to 

1 

1 

uS 

143 

0.60 

0.80 

5/2 

7/2 

61  Pm  84 

145 

0w88 

0.77 

5/2 

7/2 

61  —  86 

147 

0.88 

0.75 

5/2 

7/2 

61  ~  88 

149 

0.88 

0.74 

5/2 

7/2 

o 

o 

o 

"7/2  12 

cJ 

S/j>2 

cJ 

Va'" 

.71 

-.11 

.55 

.11 

-.25 

-.38 

.74 

.28 

.96 

.14 

.13 

-.16 

.79 

-.11 

.50 

.10 

-.20 

-.38 

.78 

.24 

.99 

.06 

.05 

-.09 

.93 

-.08 

.32 

.07 

-.12 

.99 

.01 

.01 

-.01 

.99 

-.01 

.05 

.01 

-.02 

.99 

-.13 

-.02 

-.08 

.94 

-.03 

.27 

.08 

-.14 

-.40 

.85 

.18 

.99 

-.02 

.00 

-.02 

.99 

-.01 

.04 

.01 

-.03 

.99 

-.04 

.00 

-.01 

.99 

.00 

.02 

.01 

-.02 

.90 

.03 

.27 

.13 

-.25 

.86 

-.47 

-.04 

-.10 

.96 

-.09 

-.08 

.11 

-.19 

to 

e 

-.52 

-.09 

-.07 

.90 

.12 

-.10 

.15 

-.30 

.71 

-.63 

-.08 

-.08 

.64 

.08 

-.01 

.21 

-.50 

.58 

-.68 

-.06 

-.09 

Table  A  9  77  Z  ^  81  114^  N^-  126  G  =  23/A 
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The  single  particle  proton  levels  are  the  same  as  in  Table  A8 


Isotopi 

A 

X 

A 

j 

C" 

joo 

S/2  12 

3/a  ^2 

pj 

Sl/2  11 

77  Ir  114 

191 

2.72 

0.49 

1/2 

.72 

.17 

-.63 

3/2 

.87 

.22 

.12 

-.08 

.35 

77  —  116 

193 

2.71 

0.48 

1/2 

.75 

.16 

-.61 

3/2 

.89 

.20 

.11 

-.08 

.33 

79  Ay  116 

195 

2.89 

0.38 

1/2 

.95 

.18 

.22 

3/2 

.87 

.14 

.09 

-.42 

-.11 

5/2 

-.15 

.00 

.04 

.86 

-.29 

11/2 

.68 

-.65 

79  --  118 

197 

2.88 

0.37 

1/2 

.96 

.16 

.19 

3/2 

.89 

.13 

.09 

-.40 

-.10 

5/2 

-.14 

.00 

.03 

.86 

-.29 

11/2 

.70 

-.64 

79  —  120 

199 

2.86 

0.37 

1/2 

.97 

.15 

.16 

3/2 

.90 

.12 

.08 

-.38 

-.09 

5/2 

-.13 

.00 

o' 

• 

.87 

-.30 

11/2 

.72 

-.62 

81  T1  118 

199 

2.99 

0.00 

1/2 

.99 

.07 

.12 

3/2 

.97 

.06 

.04 

-.16 

-.16 

5/2 

.11 

.00 

-.02 

-.06 

.98 

11/2 

.58 

-.22 

8l  120 

201 

2.98 

0.00 

1/2 

.99 

.06 

.12 

3/2 

.97 

.05 

.04 

-.16 

-.16 

5/2 

.09 

.00 

-.01 

-.05 

.98 

11/2 

.98 

-.21 

81  —  122 

203 

2.97 

0.00 

1/2 

.99 

.05 

.09 

3/2 

.98 

.04 

.03 

-.13 

-.14 

5/2 

.06 

.00 

-.01 

-.03 

.99 

11/2 

.99 

-.17 

81  —  124 

.705 

2.96 

0.00 

1/2 

.99 

.02 

.05 

3/2 

.99 

.02 

.01 

-.07 

-.09 

5/2 

.03 

.00 

.00 

.01 

.99 

11/2 

.99 

-.09 

81  —  126  207 


2.95 


0.00 
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FIGURE  CAPTIONS 

X 


Fig.  1.  The  coupling  parameter)(*^^  ^chosen  to  bring  into 

agreement  with  the  experimental  data.  The  quantity  is  the 


matrix  element  of  r*^ 
eration. 


in  the  most  usual  orbit  of  the  shell  under  consid- 


Figs.  2a.  2b.  The  experimental  *=2+  compared  to  ^  Cj  computed  with  a 
fixed  X  in  each  region.  The  somi-closed  shell  nuclei  are  indicated  by 
triangles.  Isotopes  of  the  sanie  Z  (indicated  on  the  figure)  are  connected 
by  light  lines.  In  each  region  X  is  given  a  dependence  of  A  for  which 
we  define  )(A  »  X/2.  ^  -phe  value  of  X  used  for  each  region  is  indicated 

on  the  figure. 

Fig.  3.  Energy  levels  of  odd-mass  Pg  isotopes.  The  pairing  and  single 
particle  energy  parameters  are  given  in  Appendix  B;  the  long  range  force 
is  chosen  to  fit  the  even-even  spectra.  The  experimental  points  are  given 
as  open  circles  and  the  theoretical  results  as  solid  lines. 

Fig.  4.  Energy  levels  of  odd-mass  Hg  Isotopes. 

Fig.  5.  Energy  levels  of  odd-mass  Os  and  Pt  Isotopes. 

Fig.  6.  Energy  levels  of  odd-mass  T1  isotopes. 

Fig.  7.  Eiiergy  levels  of  odd -mass  Ir  and  Au  Isotopes. 

Fig.  8.  The  effect  of  quadrupole  Interaction  on  states  of  odd-neutron 
nuclei  above  the  deformed  region.  Ihe  quasi-partlcie  energy  levels  in 
the  absence  of  the  quadrupole  interaction  are  given  as  solid  lines  while 
the  low-lying  states  in  the  presence  of  the  quadrupole  interaction  are  given 
as  dashed  lines.  The  experimental  ground  state  spins  are  Included. 

Fig.  9.  Energy  levels  of  odd -mass  Sn  isotopes. 

Fig.  10.  Energy  levels  of  odd-mass  Te  Isotopes. 


Fig.  11.  Energy  levels  of  odd^nass  Xe  isotopes. 

Fig.  12.  Energy  levels  of  odd-mass  Ba,  Co,  and  Nd  isotopes. 

Fig.  13.  Energy  levels  of  oddwnass  Ce,  Nd,  and  Sm  Isotopes. 

Fig.  14.  Energy  levels  of  odd-nass  Sb'  isotopes. 

Fig.  15.  Energy  levels  of  odd -mass  I  isotopes. 

Fig.  l6.  Energy  levels  of  odd-mass  Cs  isotopes. 

Fig.  17.  Energy  levels  of  odd-mass  La,  Pr,  and  Pm  isotopes. 

Fig.  18.  The  effect  of  quadrupole  interaction  on  states  of  odd-proton 
nuclei  for  51-2^59,  641  N  1^84.  The  notation  is  the  same  as  in  Fig.  8 
Fig.  19.  The  effect  of  quadrupole  interaction  on  states  of  odd-neutron 
nuclei  for  50<Zl60,  611N181.  The  notation  is  the  same  as  in  Fig.  8 
Fig.  20.  Energy  levels  of  odd -mass  In  isotopes. 

Fig.  21.  Energy  levels  of  odd -mass  Ag  isotopes. 

Fig.  22.  Energy  levels  of  odd -mass  Tc  and  Rh  Isotopes. 

Fig.  23.  Energy  levels  of  odd-mass  Rb,  Y,  and  Nb  isotopes. 

Fig.  24.  Energy  levels  of  odd-mass  Cd  Isotopes. 

Fig.  25.  Energy  levels  of  odd-mass  Pd  isotopes. 

Fig.  26.  Energy  levels  of  odd-mass  Mo  and  Ru  isotopes. 

Fig.  27.  Energy  levels  of  odd-mass  Kr,  Sr,  and  Zr  isotopes. 

Fig.  28.  Energy  levels  of  odd-mass  Cu,  Ga,  and  As  Isotopes. 

Fig.  29.  Energy  levels  of  the  odd-mass  Br,  Rb,  and  Y  Isotopes. 

Fig.  30.  Energy  levels  of  the  odd-mass  N,  and  Zn  isotopes. 

Fig.  31.  Energy  levels  of  the  odd-mass  Ge  and  Se  Isotopes. 

Fig.  32.  Energy  levels  of  the  odd-mass  Kr,  Sr,  and  Zr  isotopes. 

Fig.  33.  The  quantities  Pp(Z,N)  vs.  2Ep(Z}.  The  curve  E  (Z)  is  ^(Z,N) 


the  proton  quasi-particle  energy  averaged  over  N.  The  points  are  the 
experimental  Pp(Z,N}. 

34f  quantities  Pjj(Z,N)  vs.  2Eij((j).  The  curve  Eiij(N)  is  E^(Z,N) 


the  neutron  qua si -particle  energy  averaged  over  Z.  The  points  are  the 
experimental  Pjj(Z,N). 

Fig.  35.  The  quantities  Pjjp(Z,N)  vs.  2Ep  +  2Ejj  For  the  plot  against  Z, 
the  curve  for  Ep  and  are  averaged  over  N.  The  experiramental  points 
Pf}p(Z,N)  are  the  same  as  in  Fig.  36» 

Fig.  36.  The  quantities  Pjjp(Z,N)  vs.  2Ep  +  2Ej^.  For  the  plot  against  N, 

the  curve  for  Ep  and  E^  is  averaged  over  Z. 

13  5 

Fig.  37.  Reduction  factors  for  M4  2  “  odd-neutron  transitions. 

The  theoretical  results  are  given  by  the  solid  line,  while  the  experimental 
ratio  of  the  transition  probability  to  the  single-particle  value  is  given 
as  triangles  or  circles  connected  by  dashed  lines  with  the  assumption  of 
a  radius  parameter  of  1.0  and  1.1  fermi,  respectively.  The  sequences 
are  labeled  by  the  proton  numbers. 

Fig.  38.  Reduction  factors  for  M4  hi^  -  d^  odd-neutron  transitions.  The 
notation  is  the  same  as  in  Fig.  37. 

Fig.  39.  Reduction  factors  for  M4  -  g2^  odd-proton  transitions.  The 
notation  is  the  same  as  in  Fig.  37. 

Fig.  40.  Reduction  factors  for  odd-neutron  transitions.  The 

notation  is  the  same  as  in  Fig.  37. 

Fig.  41.  Allowed  transitions  involving  a  d  Vz  proton  and  a  d  ^/z 
neutron,  odd-mass  and  even-mass.  The  o  and  x  points  are  the  experi¬ 
mental  log  ft  values  including  the  statistical  factor  for  odd  Jumping  and 
even  Jumping  transitions  respectively  for  the  odd-mass  points  and  for 
P  N  and  N  P  transitions  respectively  for  the  odd-odd  -♦  even-even 
transitions.  The  dashed  O-curve  and  dot-dashed  x-curve  are  the  correspond¬ 
ing  theoretical  curves  log  C/R^  where  R  is  the  appropriate  reduction 
factor  l^Up  and  VpVjj  respectively  for  the  odd-mass  cases  and  VjgUp  and 
UjjVp  respectively  for  the  even -mass  cases.  An  arrow  indicates  the  value 


_4- 

log  C  chosen  to  fit  both  the  even-and  odd -mass  data. 

Fig,  42.  Allowed  transitions  involving  a  p  ^  neutron  and  proton,  odd-mass. 
The  points  and  curves  are  as  described  in  Fig. 41  odd -mass  part. 

Fig.  43.  Allowed  transitions  involving  a  p  ^/2  proton  and  a  p  V2  neutron, 
odd^nass  and  even-mass.  See  caption  of  Fig.41  for  details. 

Fig.  44.  Allowed  transitions  involving  a  g  9/2  proton  and  a  g  7/2  neutron, 
odd-mass  and  even-mass.  See  caption  of  Fig.41  for  details. 

Fig.  45.  Unique  transitions  involving  a  p  ^/2  proton  and  a  d  V2  neutron 
and  Unique  transitions  involving  a  g  7/2  proton  and  an  h  ^V2  neutron  odd- 
mass.  For  details  see  the  caption  of  Fig.41  -  odd^nass  part. 


Table  I  Magnetic  moments  of  odd -proton  nuclei.  The  Isotope  and 
state  are  listed  in  columns  1  and  2,  the  ground  state  being  starred 
when  knovm.  Columns  3  and  4  list  the  quasi-particle  (Schmidt) 
moments  and  the  quasi -particle  moment  corrected  by  higher  seniority 
configurations  admixed  by  a  S  -function  force  respectively.  Col¬ 
umns  5t  6  j  and  7  list  the  contributions  from  the  zero>  one.  and  two 
phonon  parts  of  the  wave  function.  Columns  8  and  9  list  the  theoret¬ 
ical  moments  with  g=o  and  g^=Z/A  respectively.  The  last  column 
is  the  experimental  moments  in  nuclear  magnitons.  The  experimental 
values  were  taken  from  a  compilation  kindly  furnished  by  Dr.  G.  Fuller. 


^theor . 


Isotope 

State 

^sp 

c 

>*0 

•^1 

►^2 

gj.=o 

g^=Z/A 

4 

exp 

29 

/  ^ 
3/2 

3.79 

1.33 

0.96 

-0.10 

0.00 

0.67 

0.95 

Cu^^ 

/  * 
3/2 

3.79 

i.3i 

0.95 

-0.11 

0.00 

0.67 

0.84 

Cu65 

/  * 
3/2 

3.79 

1.27 

0.90 

-0.12 

-0.01 

0.60 

0.78 

Ga^7 

3t  ^ 

3/2 

3.79 

2.32 

1.46 

0.15 

.07 

1.47 

1.68 

1.90 

Ga^9 

3/2* 

3.79 

2.27 

1.25 

0.17 

.09 

1.24 

1.51 

2.02 

As'^^ 

33  ^ 

3/2 

3.79 

1.97 

0.98 

0.97 

.10 

1.89 

2.05 

A375 

3/2 

3.79 

2.19 

0.99 

0.88 

.14 

1.77 

2.01 

1.439 

As77 

3/2 

3.79 

2.2t 

1.20 

0.55 

.13 

1.65 

1.88 

Br'^7 

35®^ 

/  * 
3/2 

3.79 

2.15 

0.93 

0.85 

.20 

1.86 

1.58 

Br79 

,  * 
3/2 

3.79 

2.14 

1.25 

0.68 

.11 

1.93 

2.05 

2.106 

Br®' 

/  * 
3/2 

3.79 

2.18 

1.59 

0.49 

.06 

2.06 

2.14 

2.270 

Br«3 

/  * 
3/2 

3.79 

2.27 

1.94 

0.27 

.03 

2.20 

2.24 

Hh®’ 

37 

3/2 

3.79 

2.10 

1.15 

0.35 

0.10 

1.47 

1.6l 

2.05 

5/2 

0.86 

1.32 

0.75 

0.68 

0.09 

1.30 

1.51 

Rb«3 

3/2 

3.79 

2.10 

1.45 

0.28 

0.04 

1.68 

1.78 

5/2 

0.86 

1.33 

0,91 

0.50 

0.04 

1.31 

1.45 

1.42 

Rb®^ 

3/2 

3.79 

2.09 

1.61 

0.25 

.02 

1.82 

1 .89 

/  ■* 
5/2 

0.86 

1.35 

0.97 

0.44 

.02 

1.32 

1.42 

1.35 

Rb®7 

/  ■* 
3/2 

3.79 

2.21 

1.87 

0.20 

.01 

2.05 

2.09 

2.75 

Table  I  (continued) 


(2) 


c 

^qp 

^theor . 

Isotope 

State 

^»P 

»^1 

^^2 

gp-=Z/A 

%xp 

5/2 

0.86 

1.32 

1.04 

0.35 

.02 

1.32 

1.42 

y89 

39  * 

/  * 
1/2 

-0.26 

-0.26 

-0.26 

0.00 

.00 

-0.26 

-0.26 

-0.137 

9/2 

6.79 

6.14 

5.25 

0.54 

.02 

5.78 

5.81 

41 

1/2 

-0.26 

-0.26 

-0.26 

0.00 

0.00 

-0.26 

-0.26 

,  * 
9/2 

6.79 

5.94 

5.76 

0.16 

0.00 

5.91 

5.92 

Nb^ 

1/2 

-0.26 

-0.26 

-0.20 

-0.01 

-.01 

-0.24 

-0.22 

,  * 
9/2 

6.79 

5.68 

4.02 

1.36 

.16 

5.46 

5.54 

6.17 

Nb95 

1/2 

-0.26 

-0.26 

-0.19 

-0,00 

-.01 

-0.24 

-0.20 

/  * 
9/2 

6.79 

5.65 

3.69 

1.57 

.22 

5.39 

5.48 

Tc^ 

43 

,  * 
9/2 

6.79 

5.36 

4.59 

0.67 

.04 

5.29 

5.30 

/  * 
9/2 

6.79 

5.37 

4.34 

0.88 

.06 

5.24 

5.28 

5.60 

Tc’O’ 

,  * 

9/2 

6.79 

5.33 

3.50 

1.47 

.02 

5.08 

5.17 

45  ^ 

/  * 
1/2 

-0.26 

-0.26 

-0.14 

0.03 

-.02 

-0.18 

-0.13 

-0.0883 

9/2 

6.79 

5.00 

4.78 

0.20 

.00 

4.98 

4.99 

Rh’°5 

1/2 

-0.26 

-0.26 

-0.13 

0.04 

-.02 

-0.16 

-0.11 

47  ** 

/  * 
1/2 

-0.26 

-0.26 

-0.16 

0.04 

-.01 

-0. 18 

-0.13 

±0.101 

Ag^°7 

/  * 
1/2 

-0.26 

-0.26 

-0.15 

0.04 

-.02 

-0.18 

-0.13 

-0.114 

Ag’°9 

/  * 
1/2 

-0.26 

-0.26 

-0.15 

0.04 

-.02 

-0.18 

-0.13 

-0.131 

Ag”’ 

/  * 

1/2 

-0.26 

-0.26 

-0.14 

6.04 

-.02 

-0.17 

-0.11 

-0.145 

Ag^^3 

/  * 
1/2 

-0.26 

-0.26 

-0.13 

0.05 

-.02 

-0.15 

-0.10 

tJ09 

49 

1/2 

-0.26 

-0.26 

-0.20 

0.00 

0.00 

-0.23 

-0.20 

/  * 
9/2 

6.79 

6.01 

3.60 

1.15 

0.12 

4.80 

4.90 

5.53 

1/2 

-0.26 

-0.26 

-0.20 

0.00 

0.00 

0.23 

-0.20 

/  * 

9/2 

6.79 

6.03 

3.67 

1.13 

0.12 

4.85 

4.92 

5.33 

(3) 


Table  I  (continued) 


Isotope 

State 

^sp 

c 

''qp 

% 

in' '3 

1/2 

-0.26 

-0.26 

-0.20 

/  * 
9/2 

6.79 

6.05 

3.76 

in"  5 

1/2 

-0.26 

-0.26 

-0.20 

9/2 

6.79 

6.09 

3.75 

in"  7 

1/2 

-0.26 

-0.26 

-0.20 

9/2 

6.79 

6.11 

3.77 

in"  9 

1/2 

-0.26 

-0.26 

-0.20 

9/2 

6.79 

6.03 

3.82 

51 

1/2 

2.79 

0.54 

0.12 

5/2* 

4.79 

2.60 

1.68 

7/2 

1.72 

3.78 

2.85 

Sb'2t 

1/2 

2.79 

0.62 

0.11 

5/2 

4.79 

2.58 

1.73 

7/2 

1.72 

3.80 

2.% 

Sb'23 

1/2 

2.79 

0.60 

0.10 

5/2 

4.79 

2.56 

1.75 

7/2 

1.72 

3.83 

3.03 

Sb'25 

1/2 

2.79 

0.58 

0.09 

5/2 
.  * 

4.79 

2.56 

1.79 

7/2 

1.72 

3.85 

3.12 

I  125 
53  ^ 

1/2 

2.79 

1.59 

0.22 

5/2 

4.79 

3.81 

1.46 

7/2 

1.72 

2.77 

1.47 

j  127 

1/2 

2.79 

1.56 

0.21 

^theor 


►*1 

>^2 

gj.>=Z/A 

u 

'^exp 

0.00 

0.00 

0.23 

-0.20 

-0.21 

1 .08 

0.11 

4.89 

4.95 

5.52 

0.00 

0.00 

-0.23 

-0.20 

1.11 

0.11 

4.91 

4.98 

5.53 

0.00 

0.00 

-0.24 

-0.21 

1.10 

0.11 

4.94 

5.00 

0.00 

0.00 

-0.24 

-0.21 

1.02 

0.10 

4.87 

4.93 

-0.01 

.02 

0.26 

0.12 

0.49 

.05 

2.09 

2.23 

0.73 

.07 

3.55 

3.65 

0.04 

.02 

0.31 

0.16 

0.47 

.05 

2.11 

2.24 

3.36 

0.67 

.06 

3.60 

3.69 

0.07 

.02 

0.35 

0.19 

0.45 

.05 

2.13 

2.25 

0.64 

.05 

3.64 

3.72 

2.55 

0.11 

.02 

0.38 

0.22 

0.43 

.40 

2.16 

2.29 

0.57 

.44 

3.68 

3.75 

0.08 

.10 

0.50 

0.40 

0.89 

.20 

2.42 

2.55 

3.0 

1.02 

.25 

2.50 

2.73 

0.15 

.11 

0.59 

0.47 

(4) 


Table  I  (continued) 


^theor 


Isotope 

State 

^sp 

c 

►'o 

►‘1 

'*2 

gj.=0 

gj.=Z/A 

u 

^exp 

/  * 
5/2 

4.79 

3.50 

1.65 

0.85 

.09 

2.42 

2.60 

2.809 

7/2 

1.72 

2.79 

1.72 

0.86 

.15 

2.58 

2.75 

j  129 

1/2 

2.79 

1.55 

0.20 

0,25 

.11 

0.71 

0.57 

5/2 

4.79 

3.50 

1.92 

0.77 

.12 

2.61 

2.80 

,  * 
7/2 

1.72 

2.81 

2.02 

0.65 

.09 

2.65 

2.77 

2.617 

I  131 

1/2 

2.79 

1.56 

0.20 

0.38 

.11 

0.86 

0.69 

5/2 

4.79 

3.51 

2.27 

0.63 

.07 

2.84 

2.98 

7/2 

1.72 

2.82 

2.32 

0.43 

.03 

2.72 

2.79 

2.738 

j  133 

1/2 

2.79 

1.57 

0.20 

0.50 

.10 

1 .02 

0.81 

5/2 

4.79 

3.52 

2,66 

0.48 

.05 

3.09 

3.18 

,  * 
7/2 

1.72 

2.83 

2.62 

0.20 

.01 

2.79 

2.83 

2.84 

Cs’2V 

55 

1/2 

2.79 

1.73 

0.26 

0.07 

.10 

0.53 

0.44 

1.47 

5/2 

4.79 

3.61 

1.50 

0.89 

.20 

2.26 

2.58 

7/2 

1.72 

2.52 

1.39 

1.04 

.25 

2.45 

2.78 

Cs'^' 

1/2 

2.79 

1.73 

0.25 

0.18 

.10 

0.67 

0.55 

5/2 

4.79 

3.63 

1.80 

0.83 

.15 

2.52 

2.78 

3.52 

7/2 

1.72 

2.53 

1.96 

0.54 

.14 

2.49 

2.64 

Cs’33 

1/2 

2.79 

1.73 

0.25 

0.33 

.11 

0.85 

0.69 

5/2 

4.79 

3.65 

2.27 

0.67 

.08 

2.86 

3.03 

7/2 

1.72 

2.53 

2.33 

0.20 

.03 

2.51 

2.56 

2.58 

Cs’35 

1/2 

2.79 

1.76 

0.23 

0.70 

.07 

1.22 

1.01 

5/2 

4.79 

3.69 

3.18 

0.27 

.01 

3.40 

3.46 

7/2 

1.72 

2.53 

2.49 

0.04 

.00 

2.52 

2.53 

2.73 

C.’37 

1/2 

2.79 

1.80 

0.03 

1.42 

.00 

1.72 

1.46 

(5) 


Table  I  (continued) 


^‘theor . 


Isotope 

State 

^ap 

c 

% 

% 

M, 

>^2 

gj.=0 

gj.-Z/A 

^  exp 

5/2 

4.79 

3.75 

3.74 

0.00 

.00 

3.74 

3.74 

/  * 
7/2 

1.72 

2.53 

2.52 

0.00 

.00 

2.52 

2.52 

2.84 

La^37 

57  ^ 

5/2 

4.79 

3.77 

3.36 

0.21 

.01 

3.52 

3.51 

7/2 

1.72 

2.28 

2.22 

0.05 

.00 

2.26 

2.27 

La’ 39 

5/2 

4.79 

3.84 

3.83 

0.01 

.00 

3.84 

3.84 

7/2 

1.72 

2.26 

2.25 

0.00 

.00 

2.25 

2.25 

2.78 

Pr’^’ 
59  " 

5/2* 

4.79 

4.02 

4.02 

0.00 

.00 

4.02 

4.02 

4.0 

7/2 

1.72 

2.00 

1.99 

0.00 

.00 

2.00 

2.00 

Pr’^3 

5/2 

4.79 

3.83 

3.10 

0.29 

.05 

3.32 

3.U 

7/2 

1.72 

2.18 

1.61 

0.47 

.05 

2.04 

2.12 

61 

5/2 

4.79 

3.62 

3.35 

0.17 

.02 

3.48 

3.54 

7/2 

1.72 

2.23 

1.51 

0.59 

.07 

2.07 

2.17 

Pm’^7 

5/2 

4.79 

3.64 

2.92 

0.36 

.08 

3.21 

3.36 

(3.6) 

7/2 

1.72 

2.21 

1.11 

0.83 

.18 

1 .95 

2.12 

(3.0) 

Pm’^9 

5/2 

4.79 

3.65 

1.51 

0.75 

.29 

2.08 

2.55 

/  * 
7/2 

1.72 

2.19 

0.75 

0.97 

.35 

1.83 

2.06 

77 

/  * 
3/2 

0.12 

2.02 

0.77 

0.23 

.05 

0.97 

1.05 

0.18 

lr’93 

/  * 
3/2 

0.12 

1.02 

0.82 

0.20 

.04 

0.99 

1.05 

0.19 

Au’95 

79 

1/2 

2.79 

0.37 

0.34 

-0.08 

-.01 

0.24 

0.25 

,  * 
3/2 

0.12 

0.80 

0.61 

0.30 

.01 

0.84 

0.93 

11/2 

7.79 

5.30 

2.46 

2.12 

.49 

4.95 

5.07 

Au’^ 

1/2 

2.79 

0.33 

0.31 

-0.06 

-.01 

0.24 

0.25 

/  * 
3/2 

0.12 

0.79 

0.63 

0.27 

.01 

0.84 

0.92 

0.145 

11/2 

7.79 

5.29 

2.61 

2.03 

.43 

4.97 

5.08 

(6) 


Table  I  (continued) 


Isotope 

State 

*^ap 

c 

^qp 

% 

*^1 

'‘2 

^theor. 

g^=o  gj.=Z/A 

u 

^exp 

aJ99 

1/2 

2.79 

0.32 

0.31 

-0.04 

.00 

0.25 

0.26 

/  * 
3/2 

0.12 

0.73 

0.64 

0.24 

.01 

0.32 

0.89 

0.24 

11/2 

7.79 

5.30 

2.78 

1.95 

.38 

5.00 

5.10 

Tl^  99 

81 

1/2* 

2.79 

1.13 

1.11 

-0.02 

.00 

1.08 

1.09 

1.57 

Ti201 

1/2* 

2.79 

1.04 

1.02 

-0.01 

.00 

1 .00 

1 .01 

1  .58 

Ti203 

1/2* 

2.79 

1.00 

0.99 

-0.01 

.00 

0.97 

0.S8 

1  .61 

Ti205 

1/2* 

2.79 

0.70 

0.70 

0.00 

.00 

0.70 

0.70 

1.63 

Table  II  Magnetic  momenta  of  odd-neutron  nuclei 


Sec  Uie  caption  of  table  I. 

^theor 


Isotope 

State 

''sp 

c 

>^0 

Ml 

^^2 

g^=o 

"exp 

Ni  59 

28 

,  * 
3/2 

-1 .91 

-0.68 

-0.40 

0.54 

0.11 

-0.05 

0.24 

5/2 

1.37 

0.60 

0.35 

0.15 

0.16 

0.32 

0.66 

Ni^l 

3/2 

-1 .91 

-0.65 

-0.51 

0.20 

0.05 

—0.44 

-0.25  -0.03 

5/2 

1 .37 

0.80 

0.64 

0.15 

0.09 

0.69 

0.88  il.l5 

Ni  63 

,  ■» 
3/2 

-1.91 

-0.68 

-0.55 

-0.14 

0.00 

-0.80 

-0.69 

5/2 

1 .37 

0.90 

0.72 

0.26 

0.03 

0.90 

1 .02 

7n  65 

30 

3/2 

-1 .91 

-0.71 

-0.45 

-0.18 

.00 

-0.67 

-0.62 

5/2 

1.37 

0.97 

0.64 

0.23 

.05 

0.73 

0.92 

Zn  67 

3/2 

-1.91 

-0.67 

-0.36 

0.05 

.00 

-0.40 

-0.30 

5/2* 

1.37 

0.79 

0.52 

0.18 

.05 

0.52 

0.75  0.876 

71 

32 

1/2* 

0.64 

0.64 

0.29 

0.17 

0.50 

0.97 

0.86 

9/2 

-1.91 

-1.20 

-0.46 

-0.38 

-0.07 

-1.09 

-0.90 

Ge  73 

1/2 

0.64 

0.64 

0.29 

0.17 

0.57 

0.92 

1.00 

9/2* 

-1.91 

-1 .03 

-0.40 

-0.30 

-.05 

-0.93 

-0.76  -0.879 

Ce  75 

1/2* 

0.64 

0.64 

0.29 

0.15 

0.47 

0.85 

0.92 

Se  75 
3i,  se 

5/2*^ 

1.37 

Oj86 

0.12 

0.36 

.28 

0.01 

0.77 

Se77 

1/2* 

0.64 

0.64 

0.31 

0.15 

.53 

0.92 

0.99  0.534 

se  79 

1/2 

0.64 

0.64 

0.36 

0.12 

.40 

0.83 

0.88 

se 

1/2 

0.64 

0.64 

0.42 

0.08 

.28 

0.75 

0.79 

79 

36 

1/2 

0.64 

0.64 

0.30 

0.16 

.56 

0.94 

1.02 

Kr®’ 

1/2 

0.64 

0.64 

0.39 

0.11 

.34 

0.79 

0.84 

Kr63 

9/2 

-1.91 

-0.39 

-0.27 

-0.03 

.01 

-0.38 

-0.30  -0.970 

(2) 


Table  II  (continued) 


Isotope 

State 

sp 

Kr 

/  * 
9/2 

-1.91 

Kr 

/  ^ 
5/2 

-1.91 

Sr 

38 

/  * 
9/2 

-1.91 

Sr  ^9 

1  * 
5/2 

-1.91 

Zr  91 
40 

/  * 
5/2 

-1.91 

Zr  93 

/  * 
5/2 

-1.91 

42 

/  * 
5/2 

-1 .91 

/  * 
5/2 

-1.91 

44-^ 

5/2 

-1.91 

Ru  99 

/  * 
5/2 

-1.91 

Ru'0> 

5/2 

-1.91 

46 

5/2 

-1.91 

Pdl°5 

/  * 
5/2 

-1.91 

Pd’0'7 

5/2 

-1.91 

Pd>°9 

5/2 

-1.91 

Pdl  ’  ’ 

5/2 

-1.91 

48  “ 

1/2 

-1.91 

3/2 

1.15 

.  * 

5/2 

-1.91 

11/2 

-1.91 

Cd'09 

/  * 
5/2 

-1.91 

Cd'’> 

/  * 
1/2 

-1.91 

5/2 

-1.91 

Cd’’3 

/  * 
1/2 

-1.91 

c 

^'o 

Ml 

^2 

-0.35 

-0.16 

-0.03 

.02 

-0.92 

-0.64 

0.04 

.05 

-0.43 

-0.38 

-0.02 

.00 

-0.83 

-0.82 

0.01 

.00 

-0.91 

-0.87 

0.02 

.00 

-0.44 

-0.40 

0.05 

.02 

-0.44 

-0.38 

0.07 

.03 

-0.16 

-0.14 

-0.01 

.02 

-0.44 

-0.37 

0.08 

.04 

-0.14 

-0.11 

0.01 

.06 

-0.09 

-0.06 

-0.03 

.06 

-0.07 

-0.05 

-0.01 

.03 

-0.10 

-0.06 

0.05 

.02 

-0.14 

-0.05 

0. 1 6 

.00 

-0.18 

-0.05 

0.18 

-.01 

-0.22 

-0.05 

0.18 

.02 

-0.40 

-0.27 

-0.01 

.05 

0.57 

0.16 

0.13 

.08 

-0.13 

-0.09 

0.00 

.02 

-0.21 

0.22 

0.30 

.11 

-0.17 

-0.10 

0.07 

.01 

-0.48 

-0.34 

-0.31 

.02 

-0.23 

-0.10 

0.13 

.00 

-0.50 

-0.34 

-0.33 

.01 

*^theor. 


g^=Z/A 

1.1 

'  exp 

-0.32 

-0.17 

t 1.005 

-0.71 

-0.55 

-0.43 

-0.40 

-1.093 

-0.82 

-0.81 

-0.88 

-0.85 

-1 .303 

-0.40 

-0.32 

-0.37 

-0.28 

-0.914 

-0.22 

-0.13 

-0.933 

-0.36 

-0.25 

-0.20 

-0.04 

-0.63 

-0.20 

-0.03 

-0.69 

-0.16 

-0.04 

-0.19 

0.01 

-0.57 

-0.31 

0.10 

-0.38 

0.12 

-0.37 

0.14 

-0.38 

-0.22 

0.29 

0.37 

-0.20 

-0.07 

-0.617 

0.48 

0.62 

-0.26 

-0.03 

-0.829 

-0.64 

-0.63 

-0.595 

-0.34 

0.02 

(0.73) 

-0.63 

-0,66 

-0.622 

(3) 


Table  II  (continued) 


^theor 


Isotope 

State 

^op 

c 

^*1 

^*2 

gr=° 

gp=Z/A 

M 

^exp 

3/2 

1.15 

0.60 

0.23 

0.37 

.12 

0.38 

0.72 

5/2 

-1.91 

-0.26 

-0.09 

0.17 

.00 

-0.38 

0.08 

n/2 

-1.91 

-0.39 

0.17 

0.19 

.06 

0.31 

0.42 

/  * 
1/2 

-1.91 

-0.49 

-0.33 

-0.26 

-.01 

-0.51 

-0.59 

50 

7/2 

1 .49 

0.72 

0.69 

0.07 

0.01 

0.74 

0.78 

Sn>>3 

1/2 

-1.91 

-0.81 

-0.69 

-0.18 

0.01 

-0.88 

-0.86 

7/2 

1.49 

0.80 

0.75 

0.08 

0.00 

0.83 

0.80 

Sn^»5 

1/2* 

-1.91 

-0.79 

-0.68 

-0.22 

0.00 

-0.89 

-0.91 

-0.918 

Sn”"^ 

1/2* 

-1.91 

-0.82 

-0.69 

-0.18 

0.00 

-0.84 

-0.87 

-1 .000 

3/2 

1.15 

0.73 

0.61 

0.1  5 

0.01 

0.68 

0.77 

11/2 

-1.91 

-0.76 

-0.63 

-0.08 

0.00 

-0.75 

-0.71 

Sn’>9 

1/2 

-1.91 

-0.79 

—0.66 

-0.07 

-0.01 

-0.69 

-0.74 

-1.046 

3/2 

1.15 

0.73 

0.66 

0.10 

0.00 

0.72 

0.76 

(0.7) 

11/2 

-1,91 

-0.68 

-0.63 

-0.03 

0.00 

-0.67 

-0.66 

Sn^21 

1/2 

-1.91 

-0.70 

-0.58 

0.07 

-0.011 

-0.49 

-0.52 

3/2 

1.15 

0.71 

0.66 

0.07 

0.00 

0.71 

0.73 

11/2 

-1.91 

-0.54 

-0.53 

0.00 

0.00 

“0, 54 

-0, 54 

Sn’23 

1/2 

-1.91 

-0.63 

-0.48 

0.22 

-0.01 

-0.27 

-0.27 

3/2 

1.15 

0.71 

0.65 

0.05 

0.00 

0.69 

0.70 

11/2 

-1.91 

-0.40 

-0.40 

0.00 

0.00 

-0.40 

-0.40 

Sn>25 

1/2 

-1.91 

-0.58 

-0.41 

0.31 

0.00 

-0.15 

-0.09 

3/2 

1.15 

0.71 

0.65 

0.01 

0.00 

0.66 

0.66 

11/2 

-1.91 

-0.26 

-0.25 

0,00 

0.00 

0.26 

-0.26 

Te’2’ 

52 

1/2 

-1.91 

-0.58 

-0.35 

-0,10 

-.04 

-0.39 

-0.49 

(4) 


Table  II  (continued) 


^thoor 


Isotope 

State 

•^ap 

c 

^qp 

Pi 

^2 

gr=Z/A 

^exp 

3/2 

1.15 

0.65 

0.42 

0.36 

.02 

0.66 

0.80 

11/2 

-1.91 

-0.49 

-0.32 

-0.08 

.00 

-0.47 

-0.39 

Te’23 

/  * 
1/2 

-1.91 

-0.51 

-0.31 

0.19 

-.04 

-0.09 

-0.16 

-0.736 

Tel  25 

/  * 
1/2 

-1.91 

-0.47 

-0.26 

0.43 

-.02 

0.13 

0.16 

-0.887 

3/2 

1.15 

0.64 

0.48 

0.15 

.01 

0.56 

0.64 

11/2 

-1.91 

-0.22 

-0.22 

0.00 

.00 

-0.22 

-0.22 

Te’27 

/  * 
3/2 

1.15 

0.64 

0.51 

0.04 

.01 

0.52 

0.57 

11/2 

-1.91 

-0.11 

-0.10 

0.01 

.00 

-0.11 

-0.09 

Te’29 

/  * 
3/2 

1.15 

0.66 

0.52 

0.01 

.02 

0.50 

0.56 

11/2 

-1.91 

-0.05 

-0.04 

0.03 

.00 

-0.05 

-0.01 

Xe^27 

54 

1/2 

-1.91 

-0.54 

-0.24 

0.47 

-.03 

0.18 

0.19 

3/2 

1.15 

0.66 

0.30 

0.30 

.07 

0.42 

0.67 

11/2 

-1.91 

-0.32 

-0.32 

0.00 

.00 

-0.32 

-0.32 

Xe>29 

1/2 

-1.91 

-0.51 

-0.20 

0.58 

.01 

0.28 

0.40 

-0.777 

Xe’31 

/  * 
3/2 

1.15 

0.68 

0.44 

0.05 

.05 

0.42 

0.53 

0.691 

11/2 

-1.91 

-0.15 

-0.10 

0.15 

.01 

-0.15 

-0.07 

Xe’33 

3/2 

1.15 

0.71 

0.50 

0.04 

.03 

0.48 

0.57 

11/2 

-1.91 

-0.18 

-0.12 

0.01 

.01 

-0.17 

-0.10 

56  “ 

/  * 
1/2 

-1.91 

-0.58 

-0.21 

0.58 

.01 

0.27 

0.38 

3/2 

1.15 

0.69 

0.32 

0.17 

.09 

0.36 

0.58 

Ba’33 

1/2 

-1.91 

-0.60 

-0.19 

0.57 

.04 

0.23 

0.43 

3/2 

1.15 

0.70 

0.40 

0.08 

.07 

0.39 

0.54 

11/2 

-1.91 

-0.26 

-0.15 

-0.02 

.01 

-0.25 

-0.16 

Ba135 

/  * 
3/2 

1.15 

0.73 

0.55 

0.03 

.02 

0.53 

0.61 

0.837 

Ba’37 

1/2 

-1.91 

-0.84 

-0.52 

0.13 

.00 

-0.54 

-0.39 

(5) 


Table  II  (continued) 


Isotope  State 

c 

<^0 

►^1 

g^=o 

gr=Z/A 

*‘exp 

/  * 
3/2 

1.15 

0.78 

0.77 

0.00 

.00 

0.77 

0.77 

0.936 

11/2 

-1.91 

-0.37 

-0.37 

0.00 

.00 

-0.37 

-0.37 

«  0.’^’ 

3/2 

1.15 

0.79 

0.79 

0.00 

.00 

0.79 

0.79 

±0,8 

11/2 

-1.91 

-0.48 

-0.48 

0.00 

.00 

-0.48 

-0.48 

60“’" 

3/2 

1.15 

0.78 

0.78 

0.00 

.00 

0.78 

0.78 

/  * 
7/2 

-1 .91 

-1.04 

-1.04 

0.00 

.00 

-1.04 

-1 .04 

-1.0 

7/2"" 

-1.91 

-1.07 

-0.46 

-0.11 

.05 

-0.75 

-0.52 

-0.7 

Hd'" 

5/2^' 

1.37 

0.96 

0.13 

-0.18 

.09 

0.04 

0.03 

io.6 

62 

,  * 
1/2 

-1 .91 

-1.05 

-0.51 

-0.09 

.  .05 

-0.76 

-0.55 

-0.8 

/  * 
7/2 

-1 . 91 

-1.07 

-0.40 

-0.12 

.09 

-0.72 

-0.44 

-0.6 

08^®’ 

76 

/  * 
3/2 

-1.91 

0.15 

0.03 

0.36 

.33 

0.21 

0.73 

0.657 

os’ 91 

3/2 

-1.91 

0.36 

0.10 

-0.06 

.33 

0.03 

0.38 

Pt’93 

78 

/  * 
1/2 

0.64 

0.64 

0.21 

0.00 

.09 

0.31 

0.30 

Pt’95 

1/2 

0.64 

0.64 

0.24 

-0.03 

.09 

0.14 

0.13 

0.606 

H.r’95 

80 

/  * 
1/2 

0.64 

0.64 

0.27 

-0.02 

.03 

0.29 

0.29 

0.535 

13/2 

-1.91 

0.63 

0.43 

0.21 

.03 

0.61 

0.67 

-1 .039 

Hg’97 

1/2* 

0.64 

0.64 

0.31 

-0.05 

-.04 

0.26 

0.22 

0.527 

13/2 

-1.91 

0.65 

0.40 

0.25 

.05 

0.62 

0.69 

-1.04 

Hg>99 

/  * 
1/2 

0.64 

0.64 

0.38 

-0.05 

.00 

0.39 

0.32 

0.530 

Hg201 

/  * 
3/2 

-1.91 

0.95 

0.69 

0.Z3 

.02 

0.89 

0,95 

-0.357 

Ph207 

82 

/  * 
1/2 

0.64 

0.64 

0.64 

0.00 

.00 

0.64 

0.64 

0.590 

Table  III  Gyroraagnetic  ratio  for  the  phonon.  Since  there 
are  no  experimental  results  for  any  of  the  nuclei  studied, 
only  the  results  for  the  50-82  shell  are  presented. 


Isotope 

%h 

Isotope 

%h 

50^"  62 

.01 

Ba’30 

56”®  74 

.34 

Sn’’^ 

-.02 

Ba’32 

.36 

Sn’>6 

-.09 

Ba'34 

.41 

Sn’’" 

-.14 

Ba’36 

.42 

Sn^20 

-.15 

Ba’38 

.52 

Sn>22 

-.14 

58^®  80 

.57 

Sn’2^ 

-.10 

Ce’^0 

.95 

Te’20 

52^®  68 

.20 

wh’^2 

60^*^  82 

1.95 

Te>22 

.17 

Te>2^ 

.16 

Te>26 

.18 

Te>28 

.21 

Te130 

.09 

Xe’26 

54  72 

.26 

Xe’23 

.25 

Xe^30 

.28 

Xe’32 

.33 

Xe>3A 

.38 

Xe’36 

.49 

« 

The  calculation  Includes  only  the  particles  in  the  outer 
shells.  The  core  contribution  would  shift  the  g  values 
toward  4.5 


Table  IV  Quadrupole  momenta  of  Odd -Proton  Nuclei.  The  isotope  and  state  are 
listed  in  the  first  two  columns,  the  ground  state  being  starred  when  known.  The 
next  three  columns  contain  the  quasi-particle  moment,  and  the  moment  corrected 
by  wave  functions  admixed  by  a  6  'force, for  two  effective  charges.  The  phonon 
contribution  is  in  columns  six,  and  the  last  two  columns  are  the  theoretical  and 
experimental  moments  in  units  of  10“24  cm2.  I'he  o^erimental  values  were  taken 
from  a  compilation  kindly  furnished  by  Dr.  Gladys  Puller. 


Isotope 

State 

P  -3  N  , 
e  =2,  e  =1 

eP=l,  e^^K) 

e^2,  e”=1 

eP=2,  e''=1 

Q 

q.p. 

Q® 

q.p. 

Q® 

q.p. 

ph 

0 

^theor 

Q 

exp 

Ga 

31 

/  * 
3/2 

-.03 

-.02 

-.04 

-  .17 

-.19 

0.22 

69 

31 

/  * 
3/2 

-.03 

-.02 

-.04 

-..16 

-.18 

0.20 

31 

,  * 
3/2 

-.03 

-.02 

-.04 

-  .16 

-.18 

0.12 

As  73 
33 

,  * 
3/2 

0.02 

.02 

.09 

.26 

.33 

AS  75 

33 

/  * 
3/2 

0.01 

.02 

.07 

.18 

.21 

0.31 

As  77 
33 

/  * 
3/2 

0.002 

.01 

.04 

.06 

1 

.08 

35 

,  * 
3/2 

.06 

.05 

.17 

;5i 

.58 

35 

/  * 
3/2 

.05 

.05 

.16 

.42 

.51 

.32 

Rr 

35  ® 

/  * 
3/2 

.04 

.04 

.13 

.30 

.39 

.27 

Rr  63 

35 

,  * 
3/2 

.03 

.03 

.09 

.16 

.24 

Bh  65 
37  ^6 

5/2 

.15 

.11 

.35 

.40 

.65 

.28 

3/2 

.09 

.08 

.21 

.26 

.44 

Rh  67 
37 

5/2 

.18 

.12 

.25 

.34 

.54 

3/2* 

.08 

.07 

.14 

.20 

.32 

.14 

39 

9/2 

-.24 

-.15 

-.31 

-.28 

-.56 

/  * 
9/2 

-.19 

-.12 

-.28 

-.42 

-.62 

-0.13 

Mh  95 
41  ^ 

/  * 
9/2 

-.19 

-.12 

-.31 

-.58 

-.78 

Tc  ^ 
43 

/  * 
9/2 

-.09 

-.05 

-.09 

-.53 

-.61 

Tc  99 
43 

/  * 
9/2 

-.08 

-.04 

-.09 

-.71 

-.77 

+0.3 

Tc’°’ 

43 

/  * 
9/2 

-.08 

-.04 

-.10 

-1.07 

-1.13 

Rh’°’ 

45 

9/2 

.02 

.03 

.17 

.32 

.49 

(2) 


Table  IV  (continued) 


eP==2.  eN=1 

e^=l,  e'^^O 

P  N 

6*^=2,  e  =1 

e 

,P:=2,  e'^=l 

Isotope 

State 

%.P. 

Q® 

q.p. 

Q® 

q.p. 

%h 

Q 

theor 

■  Q 

exp 

45 

9/2 

.03 

.03 

.20 

.46 

.65 

iJ09 

49 

/  * 
9/2 

0.25 

.14 

.62 

.52 

.97 

1.20 

49  ^ 

/  * 
9/2 

0.25 

.14 

.62 

.53 

.97 

1 .18 

T  113 
49 

/  * 
9/2 

0.25 

.14 

.62 

.54 

.98 

1.0 

Tn115 

49  ^ 

,  •«■ 
9/2 

0.25 

.14 

.62 

.56 

1.01 

1.1 

Tnll? 
49  ^ 

/  * 
9/2 

0.26 

.14 

.61 

.55 

1.01 

tJ19 
49  ^ 

/  * 
9/2 

0.26 

.14 

.64 

.52 

1 .01 

sJ19 

51 

/  * 
5/2 

-.31 

-.12 

-.06 

-.41 

-.45 

-.2 

7/2 

-.27 

-.10 

+  .02 

-.46 

-.46 

121i 

51 

5/2 

-.31 

-.12 

-.07 

-.39 

-.43 

-.26 

7/2 

-.27 

-.10 

-.01 

-.43 

-.44 

Sb’23 

51 

5/2 

-.31 

-.12 

-.07 

-.37 

-.42 

7/2* 

-.27 

-.10 

-.04 

-.40 

-.43 

Sb’25 

51 

5/2 

-.31 

-.12 

-.07 

-.34 

-.40 

5/2 

-.28 

-.11 

-.06 

-.36 

-.41 

j125 
53  ^ 

/  * 
5/2 

-.25 

-.16 

-.60 

-.75 

-1.00 

-0.89 

7/2 

-.17 

-.11 

-.45 

-.88 

-1.05 

T  127 
53 

5/2 

-.26 

-.17 

-.61 

-.70 

-.99 

-0.79 

7/2 

-.17 

-.11 

-.43 

-.81 

-1.08 

T  129 
53 

5/2 

-.26 

-.17 

-.59 

-.63 

-.96 

7/2 

-.17 

-.11 

-.39 

-.67 

-.95 

-0.55 

131 

53  ^ 

5/2 

-.26 

-.17 

-.54 

-.52 

-.87 

7/2* 

-.17 

-.11 

-.35 

-.49 

-.76 

-0.40 

Cs’^l 

55 

/  * 
5/2 

-.21 

-.14 

-.48 

-.80 

-1.04 

(3) 


Table  IV  (continued) 


eP=2.  e'^^l 

eN=0 

P  N 

e'=2,  e"=1 

eP= 

=2,  e"=1 

Isotope 

State 

^q.p. 

q.p. 

Q® 

q.p. 

%h 

0 

^theor 

Q 

exp 

7/2 

-.0/^ 

-.02 

-.04 

-.46 

-.49 

Cs’33 

55 

5/2 

-.21 

-.14 

-.45 

-.68 

-.96 

7/2 

-.Ok 

-.02 

-.04 

-.27 

-.31 

-0.003 

03^35 

55 

5/2 

-.22 

-.15 

-.41 

-.39 

-.74 

7/2"" 

-.04 

-.02 

-.04 

-.08 

-.12 

0.049 

Cs’37 

55 

5/2 

-.22 

-.15 

-.30 

-.03 

-.33 

7/2 

-.03 

-.02 

-.03 

-.005 

-.03 

0.05 

57 

5/2 

-.15 

-.10 

-.28 

-.38 

-.66 

,  * 
7/2 

.08 

.05 

.19 

.21 

.38 

La’^9 

57  ^ 

5/2 

-.16 

-.10 

-.21 

-.04 

-.25 

,  * 
7/2 

.08 

.05 

.12 

.02 

.14 

.23 

Pr>^> 

59 

/  * 
5/2 

-.08 

-.05 

-.09 

-.14 

-.10 

-.07 

7/2 

.18 

.13 

.25 

.03 

.28 

PrH3 

59  " 

/  * 
5/2 

-.08 

-.05 

-.13 

-.48 

-.58 

7/2 

.18 

.13 

.41 

.92 

1 .22 

Pm1^5 

61 

5/2 

.03 

.03 

.08 

.16 

.23 

7/2 

.26 

.18 

.54 

.96 

1.33 

6, 

5/2 

.31 

.17 

.37 

.21 

.51 

/  * 
7/2 

.27 

.19 

.70 

1.27 

1 .62 

io.95 

6.  r.’‘’ 

5/2 

.03 

.03 

.11 

.04 

.09 

/  * 
7/2 

.27 

.19 

.80 

1  55 

1 .82 

lr'91 

77 

/  * 
3/2 

.01 

.005 

-.05 

.20 

.16 

1.0 

lr>93 

77 

/  * 
3/2 

.01 

.005 

-.05 

.19 

.15 

1.0 

79aJ’5 

/  * 
3/2 

.12 

.09 

.53 

.68 

1.08 

(4) 


Table  IV 

(continued) 

eP= 

2,  e^=1 

e^=l,  e''=0 

e^=2,  e”=1 

eP-2.  e''=1 

Isotope 

State 

*^q.p. 

Q® 

q.p. 

Q® 

q.p. 

Q 

theor 

Q 

exp 

/  * 

3/2 

.13 

.09 

.57 

.62 

1 .07 

0.56 

79-'” 

3/2 

.13 

.09 

.55 

.55 

1 .00 

Tl^  99 

81 

3/2 

.26 

.15 

.54 

.12 

.62 

Ti201 

81 

3/2 

.26 

.15 

.57 

.11 

.65 

Ti203 

81 

3/2 

.26 

.15 

*»> 

.53 

.07 

.58 

T1205 

81 

3/2 

.26 

.17 

.44 

.03 

.47 

TABID  V 


Quadrupole  Moments  of  Odd»Neutron  Nuclei 


Isotope 

(See 

State 

the  caption  of  table  IV). 

e**  "  2,  e**-l  e^-1,  e**»»0 

Q  Q® 

q«p.  q*p 

eP-2,  e^-l 
^q«p  Sh 

\heor 

e^qp 

en65 

30^ 

3/2 

0.02 

.04 

.09 

.30 

.35 

Zn65 

5/2/ 

0.035 

.05 

.u 

.50 

.59 

7n67 

30^" 

3/2 

.047 

.04 

.17 

.38 

.47 

5/2/ 

.072 

.05 

.22 

.55 

.66 

0.18 

r-73 

32Ge 

9/2  / 

-.076 

-.05 

-.21 

-.91 

-.99 

••2 

Se75 

3r* 

5/2  / 

.10 

.11 

.42 

.24 

.30 

1.1 

Se^’ 

34®* 

7/2  / 

0.8 

36^ 

9/2  / 

.063 

.10 

.31 

.67 

.89 

0.22 

Kr®5 

36*^ 

9/2  / 

.12 

.13 

.U 

.71 

.89 

0.30 

3^^ 

9/2  / 

.12 

.05 

.25 

.31 

.53 

38®'®’ 

5/2/ 

-.094 

—.06 

-.26 

-.054 

-.31 

5/2/ 

-.094 

-.05 

-.25 

-.079 

-.34 

40^'’^ 

5/2  / 

-.027 

-.01 

-.05 

-.12 

-.22 

5/2/ 

-.029 

-.02 

-.07 

-.17 

-.28 

42»*’’ 

5/2/ 

+.038 

.05 

.16 

+.29 

+.36 

44-” 

5/2  / 

.032 

.05 

.16 

.31 

.37 

44-^°^ 

5/2/ 

.073 

.06 

.26 

.80 

.82 

46^“ 

5/2/ 

.085 

.06 

.30 

.76 

.91 

48^ 

5/2/ 

.078 

.04 

.24 

.63 

.79 

.78 

Cd^09 

48'^® 

5/2  / 

.095 

.04 

.29 

.58 

.75 

.80 

p.m 

48®® 

5/2/ 

.11 

.05 

.31 

.48 

.62 

T.123 

52^# 

3/2 

-.03 

-.02 

-.12 

-.33 

-.42 

11/2 

-.03 

+.01 

.03 

-.60 

-.63 

(2) 


TABLE  V  (continued) 


Isotope 

State 

•®-2,  e»l.l 

e®-l,  e®-0 

.®-2,  e*ti 

^q»p. 

q“ 

q.p 

Q*  _ 
q.p 

^heor  ^esq) 

Tel29 

52^* 

3/2 

.03 

.01 

.07 

.19 

.25 

11/2 

.06 

.14 

.36 

.61 

.84 

Xe^29 

54" 

3/2 

.007 

-.005 

-.003 

.19 

.19 

11/2 

.06 

.10 

.35 

1.1 

1.3 

Xe^^ 

54^® 

3/2  / 

.03 

.08 

.32 

.37 

-.12 

11/2 

.10 

.13 

.46 

.99 

1.29 

Xe^3 

54^* 

3/2/ 

.06 

.04 

.18 

.31 

.44 

56®^^ 

11/2 

.15 

.15 

.56 

.78 

1.16 

3/2  / 

.06 

.05 

.19 

.33 

.47 

11/2 

.15 

.16 

.56 

.84 

1.25 

56®* 

3/2/ 

.06 

.08 

.26 

.01 

.26 

11/2 

.22 

.18 

.63 

.06 

.68 

Ce^9 

jgCe 

3/2/ 

.06 

.08 

.25 

.03 

.28 

11/2 

.22 

.15 

.57 

.12 

.69 

7/2/ 

-.23 

-.17 

-.49 

-.03 

-.54 

3/2  / 

.06 

.10 

.29 

.02 

.31 

11/2 

.22 

.16 

.59 

.07 

.66 

60*^’ 

7/2/ 

-.23 

-.13 

-.53 

-.03 

—.56 

i  1.0 

5/2 

-.19 

-.11 

-.45 

0.0 

.005 

60»^3 

7/2/ 

-.20 

-.12 

-.52 

—.94 

-1.06 

5/2 

-.19 

-.11 

-.49 

-.15 

-.20 

7/2 

-.17 

-.11 

-.49  -1.08 

-1.23 

5/2/ 

-.19 

-.11 

-.52 

-.31 

-.38 

62“**^ 

7/2/ 

-.20 

-.12 

-.52 

-.94 

-1.19 

<.7 

«5m^9 

62®“ 

7/2/ 

-.18 

-.11 

-.50 

-1.10 

-1.29 

<.7 

Oel®9 

76°" 

3/2/ 

-.03 

-.02 

-.10 

-.34 

— *36 

+.6 

7^08191 

3/2 

-.001 

-.005 

—.004 

.05 

.05 

(3) 


TABLE  V  (continued) 


Isotope 

state 

e^’-a,  e*l-l 

‘^q.p. 

e^’.t.  e“-0 

Q® 

q.p 

e*’»2,  e**-l 

Q® 

q*p 

•^ph 

Siheor 

exp 

3/2 

-.002 

-.01 

-.012 

.01 

.01 

5/2 

-.09 

-.06 

-.29 

—.94 

-1.09 

3/2 

.035 

.Oi 

.u 

.54 

.64 

5/2 

-.055 

-.03 

—.14 

-.72 

-.82 

l>t^97 

78*^ 

3/2 

+.073 

.04 

.29 

.64 

.85 

5/2 

-.001 

.02 

.05 

.02 

.05 

h»^97 

goHg 

3/2 

.03 

.00 

.13 

.26 

.37 

13/2 

.24 

.04 

.59 

1.18 

1.55 

1.53 

Hirl99 

80*^ 

3/2 

.07 

.01 

.28 

0.46 

0.68 

13/2 

.26 

.03 

.61 

1.19 

1.53 

8cr* 

3/2/ 

.11 

.01 

.37 

.44 

.71 

.50 

13/2 

.28 

.03 

.59 

1.08 

1.43 

TABLE  VI 


B(E2)  Valu«8  for  ground  state  transitions  in  even-even  nuclei* 
The  column  labeled  lists  the  calculated  B(£2)q  ^  ^  values  using 

the  same  parameters  used  to  calculate  the  energies  in  Figs.  2a,  b«  In  the  few 
cases  for  which  the  calculated  energy  (of  Fig  2)  is  far  below  the  ejq)eriiDental 
value,  the  B(£2)  is  listed  in  parenthesis  for  a  lower  ^  chosen  to  fit  the 

2  ii6  ii 

energy.  The  ejqierimental  values  are  listed  in  units  of  e  x  ICT^  cnr,  and 
compared  with  the  single  particle  value  of  3  x  10“^  e^  x  10“^  cm^. 


ISOTOPE 

1  S.P. 

SOURCE 

Ni5® 

28^^ 

.017 

.072 

11 

a 

Ni^O 

.051 

.091 

13 

a 

Mt62 

.100 

.083 

12 

a 

Ni^^ 

.092 

.087 

12 

30^  ^ 

.264 

.170 

21 

a 

Zn^^ 

.245 

.145 

18 

a 

Zn^S 

.164 

.125 

16 

a 

.458 

.172 

18 

a 

Ge72 

.476 

.230 

24 

a 

.609 

.317 

33 

a 

Ge76 

.729 

.263 

28 

a 

Ge^S 

.451 

Se"^^ 

34®* 

.696 

.21 

21 

Se76 

(.919) 

.480 

48 

a 

S.7® 

(.770) 

.385 

38 

a 

Se®" 

(.594) 

.283 

28 

a 

Se®2 

.327 

.213 

21 

a 

kr78 

36*® 

1.784 

.51 

51 

krSo 

(.812) 

.34 

34 

KR®^ 

(.550) 

.18 

18 

KR®^ 

.313 

.15 

15 

(2) 


ISOTOPE 

B(E2)THEQa 

TABLE  VI  (continued) 

B(E2)j.jy,  I  S.P, 

SR^ 

38®“ 

.205 

SR®® 

.143 

.13 

12 

.ui 

Zr92 

.080  ') 

Ol 

> 

.79 

65 

.216  3 

m«94 

42“® 

.166 

.27 

21 

Mo^® 

.360 

.30 

23 

Mo9® 

.683 

.27 

21 

mo"®® 

.915 

.61 

47 

b,.96 

u““ 

.279 

.25 

19 

Bu’® 

.563 

.48 

37 

Ru"®® 

.947 

.57 

41 

Ru"®2 

(1.424) 

.73 

52 

Pd"0^ 

46“*^ 

(1.006) 

.55 

37 

Pd"®® 

(1.261) 

.65 

44 

Pd"®® 

(1.603) 

.74 

50 

Pd""® 

(2.009) 

.86 

58 

48®^^^ 

.447 

.47 

31 

Cd"®® 

.571 

.54 

35 

Cd""® 

.687 

.50 

33 

Cd""2 

.758 

.54 

35 

Cd""^ 

.799 

.58 

38 

Cd""® 

.809 

.60 

40 

.350 

.18 

11 

Sn""^ 

.381 

I 

.20 

12 

Sn""® 

.399 

.21 

12 

sniie 

.4U 

.23 

U 

Sn"2® 

.416 

.22 

13 

Sourc* 


b 


(3) 


TABI£Vl  (continued) 


ISOTOPE 

®(^)thbor 

B(E2)pp 

X  S.P. 

SOURCE 

Sn“2 

.365 

.25 

15 

Sn^24 

.273 

.21 

12 

Te^^O 

52^® 

1.183 

.55 

29 

Te"22 

1.307 

.65 

35 

Tel24 

1.080 

.39 

21 

,_,ia6 

.729 

.53 

28 

Tel28 

.468 

.a 

22 

t,130 

.289 

.34 

18 

128 

54^® 

(1.654) 

Xe«° 

1.174 

.48 

24 

Xe^2 

.592 

.32 

16 

Xel3^ 

.344 

.198 

56®*^^ 

(1.8U) 

.73 

36 

.929 

"  .509 

.294 

.30 

14 

Ce^® 

3e^* 

.631 

Ce^^ 

.392 

.36 

17 

b 

.828 

.59 

27 

60'“'^ 

.361 

.34 

15 

e 

Nd^ 

.908 

.44 

19 

e 

146 

Nd^ 

2.101 

.84 

37 

(4) 


TABUS  VI  (continued) 


ISOTOPE 

®(^^HE0R 

B(E2)g^ 

X  S.P. 

SOURCE 

62^ 

.900 

S«^« 

2.189 

to 

• 

37 

Sml50 

(4.0) 

1.32 

56 

6lP^ 

.974 

1.872 

76°* 

(11.8) 

2.80 

85 

0s^9° 

(9.3) 

2.55 

78 

Ptl94 

(5.2) 

1.94 

59 

d 

Pt^96 

4.086 

1.27 

37 

d 

Ptl9« 

3.060 

1.35 

39 

h^196 

80^ 

1.250 

1.355 

1.13 

32 

.982 

.85 

24 

.749 

.59 

17 

.461 

82^** 

.337 

Pb2°2 

.280 

-Pb2°^ 

.216 

.17 

5 

a 

Pb2°6 

.101 

.13 

4 

e 

a.  P.  H.  Stelson  and  F.  K.  McGowan,  Nuc.  Ph78.  652  (1962) 

b.  S.  Ofer  and  A,  Schwarsschild,  F^s.  Rev.  Letters  384  (1959) 

c.  0.  Nathan  and  V.l.  Popov,  lAio.  Phjrs.  631  (I960). 

d.  F.  K.  McGowan  and  P.  H.  Stelson  Plvs.  Rev.  122.  1274  (1961) 

e.  0.  Nathan  Nuc.  Phys.  332  (1962) 

Other  ejqMrinental  data  was  obtained  fron  a  eonpilation  kindly  ftamished 
by  Or.  Tasukaaa  Toshlsawa. 


TABLE  VII 


B(£2}o  ^  2'  Gross  over  Rata.  Tha  ssna  slngls  particle 

estimate  is  used  as  in  Table  VI.  Effective  charges  e^  ■■  2, 
e**  ■  1,  and  a^  ••  1,  e**  *  0  used  to  ccmpute 
units  of  e^  X  lOT^  cm*^. 


Isotope 

•’’-1.  .''>0 

®^^^Theor 
a^»2.  e"  -  1 

®‘“>Exp 

BrE2i  S.P. 

32-’^^ 

.0026 

.0016 

.007 

0.8 

Ge72 

.0048 

.0035 

.0017 

0.2 

Ge?^ 

.0058 

.0064 

.022 

3. 

Ge76 

.0042 

.0115 

.004 

0.4 

Se"^^ 

3^® 

0. 

.0023 

.005 

0.5 

Se76 

.0031 

.0015 

.010 

1. 

Se7« 

.0018 

.0046 

.010 

1. 

Se«° 

.0016 

.0030 

.019 

2. 

Se«2 

,00U 

.0101 

.006 

0,8 

Kr"^® 

36*^ 

0. 

.0102 

Kr®0 

0. 

.0002 

Kr®2 

0. 

.0006 

Kr®^ 

.0001 

.0026 

Kr®6 

.0005 

.0019 

Sr®® 

38®^ 

.0008 

.0007 

Sr®® 

.0009 

.0037 

.0006 

.0024 

Zr92 

.0005 

.0006 

Zr9^ 

.0008 

.0006 

Zr9® 

.0022 

.0070 

.0005 

.0006 

.005 

0.5 

Mo9® 

.0009 

.0006 

.QU 

0.9 

(2) 


TABUS  Vll  (eontlnuad) 


«<“>Th««. 

®^^^Theor 

Isotope 

e*»l,  e"^ 

e**-2,  e*\-l 

B(E2)  S.F. 

to 

.0015 

.0040 

.ou 

1. 

.0048 

.0191 

.013 

1. 

.0001 

•0001 

.005 

0.4 

.0003 

.0002 

.015 

1. 

Rul“ 

.0005 

.0014 

.017 

1. 

Ru^O^ 

.0010 

.0040 

.010 

0.8 

.0007 

.0034 

.OU 

1. 

Pdl°« 

.0010 

•ooa 

.007 

0.5 

Pd^^° 

.0012 

.0039 

.010 

0.6 

48^<* 

.0019 

.0071 

.020 

1. 

.0022 

.0077 

.010 

0.6 

114 

.0025 

.0067 

.007 

0.4 

116 

.0026 

.0051 

.011 

0.7 

50®" 

0. 

.0001 

0. 

.0012 

Sn^« 

0. 

.0022 

Sn^20 

0. 

.0019 

Snl22 

0, 

.0011 

Sn^ 

0. 

.0004 

4,  122 
52^* 

0. 

.0045 

.019 

1. 

Ts^ 

0. 

.0026 

.016 

1. 

Ts^ 

0. 

.0010 

,005 

0.3 

Ts^28 

0. 

.0002 

.012 

0.7 

T,130 

0. 

.0001 

•QU 

0.6 

0) 


TABUS  VII  (continued) 


»<“)Th..r 

®<“W 

Isotope 

•’’  -  1, 

e®“2,  e"“J, 

B(E2}  S.P, 

Xe^® 

5r® 

.0006 

.0002 

Xe^® 

.0004 

.0008 

Xe^2 

.0002 

.0011 

Xe«^ 

.0001 

.0007 

56®* 

.0043 

.127 

Ba^32 

.0025 

.0072 

.0016 

.0068 

Ba^® 

.0035 

.0017 

Ce^® 

58®® 

.0015 

.0073 

Ce^° 

0. 

.0001 

Ce^^ 

.0049 

.02U 

.0039 

.0192 

Nd^® 

.0080 

.0470 

Nd^® 

.0164 

.106 

Ndl50 

.0767 

.512 

62^ 

.0019 

.0104 

an^® 

.0029 

.0203 

Snl50 

.0073 

.0577 

Snl52 

.054 

.437 

Os^®® 

76°® 

.0136 

.0856 

0.1®® 

.0107 

.0702 

.20 

6. 

0.19° 

.0074 

.0480 

.18 

5. 

0.192 

.0053 

.0325 

.21 

6. 

.0004 

.0003 

Ptl9^ 

.0003 

.0003 

.009 

0.3 

Ptl96 

.0002 

.0004 

TABUS  Vll  (continued) 


»<“)Th«r 

"“’iheor 

Isotope 

•‘’-1,  •%) 

,’’-2.  ."-1 

B(E2)  S.P 

Ptl9« 

.0001 

.0007 

80^ 

.oou 

.0155 

.0043 

.0160 

Hg2«> 

.0046 

.0206 

.0022 

.0140 

.0019 

.0186 

The  experlBiental  reeulte  were  obtained  from  a  compilation  klndljr 
fumlehed  by  Dr.  Yaeukasa  Yoehleawa. 
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